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i r - 

publishir.ij  house  "science  Lechxiu:ia4j''(;/  (_Y'^  (^'A ^ 


Paqe  2. 

Vasiliev  L.  L- , Konev  S.  V.  heat  - 1 ra  nsiri  t ti  n g tubes.  "»insk, 

"science  and  engineering",  1972,  page  152. 


In  the  book  are  described  the  different  forms  of  1 ow- temperature 

thermal  Are  presented  the  theoretical  principles  of 

, . 

the  processes  ('t  aki  ng  place  \TTeat-  and  mas5  exchango^fjTonsi  d er  abl  e 
attention  is  devoted  to  the  in  vest igat icn  of  the  transport  properties 
of  capillary- porous  cores,  to  the  use  of  thermal  ducts 

fct  cooling  radio-electronics  equipment.  Is  given  the  characteristic 
of  the  different  constructions  of  the  controlled  thermal  ducts such. 


as  ducts  with  the  presence  cf 

Miii 


residual  oft  non-condensable  gas. 


centrifugal  thermal 


etc. 
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Designat ions. 


P » pressure,  N/m* ; 


0 - power,  W; 


q - heat  transfer  rate,  W/m^; 


C - the  constant  of  proportionality; 


4^ 

r'  - file  at  of  vaporization,  J/ltg; 


9 - surface  tension,  N/m; 


p - density^ 


V,  ltg/m»s 
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6 - thickness,  m ; 


h„  - ♦•ho  ho  ight  of  capillary  absorption,  m 


* ~ slope  angle; 


K - permeability,  tn^; 


K,  - 1/K,  1/ni?; 


A cross-sect  ional  area,  ; 


L,  I - length,  ra; 


r - radi  us,  m ; 


j - the  mass  flow,  kq/s; 


e - the  angle  of  wetting; 


T - time,  s; 
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<r  - capilldry  potential, 

T,  t - temperature; 

h - enthalpy,  J/kq; 
b - the  width  of  core,  m; 

a - the  coefficient  of  heat  exchange,  W/rn^»doq; 
m'  - the  t her mal- expansion  coefficient,  deq"‘; 
n - porosity ; 

. .AsaMft  effective  thermal  conductivity  of  core; 

ffcxj  - the  free-fall  acceleration,  which  corresponds  to  the 
conditions  of  the  testing  of  speciinen/4iiHFpie»>  m/s^; 

g - the  free-fall  acceleration,  which  corresponds  to  test 

-jfcLc  , 

conditions  of  thermal  cm/s^; 

V - linear  speed,  m/s; 
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St  - Stanton's  criterion; 


Pr  - Prandtl  number; 


tf  , . - 

- the  paratnetor  of  pressure; 


He  - PeynolJs  number; 


Ra  - Rayleigh's  criterion. 


Indices; 


w - li<juid  ; 


K - rnn  i1 1 n ~i  r ('■Ijiiir  i ti  nr  ~ 


’<  - e vaporator,iaEafUkUMr ; 


T 


t ube 


aoc 
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td{\ 

- the  aiiidbdtic  zone  of 


or>  - r nar  i ■ rm  i"  ~ i ir  j I r * 


cr  - dveraqe; 


■ax.  - maximum; 


■in  - minimum; 


onr  - optimum; 


CT  - wall; 


iiac  - saturat  ion; 


rrya  - bubble; 
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c - pr«iJsur  iza  t ion  volume. 


Ti* 


The  introduction 


let  us  examine  the  works,  dedicated  to  the  study  of  the  thermal 

AttCfc.s  and  steam  chambers  in  which  was  utilized  as  hea  t- 1 r a nsfe  r aqent 
A 

the  liquid,  possessinq  low  coefficient  of  thermal  conductivity 

cinj?  --T-^ 

and  low  boilinq  point,  in  essence  thermal 


utilized  in  the  ranqe  of  temperatures  below  ‘lOO^K,  tilled  by  such 
heat- transfer  aqents  as  water,  alcohol,  ammonia,  acetone,  N^o^, 

Freon,  liquid  oxygen,  nitrqqen,  hydrogen  etc.  Let  us  them  Mai 

■ ) 

low-t emperat ure  thermal  riuct c and  steam  chambers. 


Thermal  d>*«jLs  won  acceptance  at  present  in  a 


/KUnil't 


o f 


branches  of  industry.  High-temperature  it  is  assumed  to 


use  extensively  in  power  engineering  for  the 


derivation  of 


thermal  energy  from  nuclear  and  isotopic  reactors,  the  creation  of 

thermionic-emitting  and  thermoelectric  generators,  in  metallurgical 

and  electronic  industry.  It  is  published  at  present  more  than  ^ 

6’>i 

thousand#  of  articles  and  patents  h iqh- temperature  thermal 
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LoM-tcm  per  at  ure  thermal  obtaineii  development  from  1‘)f>7  and 


they  are  utilized  in  electronic  industry  for  coolinq  oscillator 
tubes,  t ca ve 1 1 i nq- wa ve  tubes,  klystrons  etc.;  in  power  enqineerinq  - 
for  blade  cooling  of  turbines,  qene,tators,  engines;  in  machine-tool 
industry  - tor  cooling  cutters,  e t c . ; in  light  industry  - for 

the  production  of  pressure  cookers,  rods  for  the  frying  of  shashlik, 
hens,  preparation  of  biscuits  etc.  ; in  ir1  i nr]  industry  - for  coolinj 


i 'fit  everyday  coolers;  in  the  medical  and  biological 


industry  - for  thermostatic  control  and  cooling 
sections  of  humrn  blood,  sperm  etc. 


individual 


— 6- 


The  thermal  diOfes  and 


steam  chambers  have  a series  of 


advantages  in  comparison  with  the  traditional  system  elements  of 


heat  transfer,  for  example 


circulation  heat  exchangers;  they 


do  not  have  movable  parts,  are  noiseless,  do  not  require  energy 
consumption  for  the  pumping  of  heat-transf er  agent  from  zone  ^ 
condensation*'  into  the  zone  of  evaporation,  they  possess  low  thermal 
resistance  in  comparison  with  the  of  the  same  geometric 

parameters  and  have  low  weight. 


Is  known  at  present  many  different  types  of  thermal 


and  steam  chambers  [1-16].  Their  classification  it  is  possible  to 
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cetilize 


A 


a spiips  of  «iipsil^cr  iter  ia , such  as  the  » f’luper  at  ure  ianq<* 


of  use,  the  degree  of  a change  in  their  thermal  resistance,  th^ 
method  of  the  transfer  of  heat-transfer  agent  from  ♦’he  zon®  of 

condensation  into  the  zone  of  evaporation,  the  dimensional 


characteristics  of  housing  and  elements  etc. 


The  cidssi fication  of  the  types  of  thermal 
working  temperature  range  iSff-  is  following: 


1)  h igh-tempa  rature  thermal  ri  iia*r  (1  200®K  ^ T < 1000®K)  ; 


err 


2)  the  thermal  4«8fe  of 
T ^ 1 200®K) ; 


moderate  temperature  range  (J00°K  ^ 


3)  the  low-temperature  or  cryogenic  thermal 

r °K-<  7<30'0  °Kt. 


depending  on  geometric  diirensions  it  is  possible  to  distinguish 

thermal  4i*a^  whose  length  L substantially  exceeds  their  diameter 

I 

(L/D  >>  10)  (Fig.  and  steam  chambers  whose  /,/D,<10i  (Fig.  1b).  It 

is  natural  that  the  form  of  the  thermal  and  steal  chawbers  can 


•f 


be  different. 


Large  interest 


represent  the  thermal  diMte.  of 
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iabJ  e thermal  rrsistance  or  tho  controllofi  ♦^hermal 

Hit' t ,*>  (thermal  with  the  use  of  M#  resilual 

■ t ^ 

ncn-condensdblo  jas,  electricdl,  ultrasonic,  maqnetic  fields  and 
centrifugal  fielis,  thermal  diodes  ami  tr  iodes  etc.)  T2S,  J1,  \U,  35, 

38,  84,  85  1. 


The  thermal 


utilized  in  electronic  industry  for  cooling 


high-voltage  oscillator  tubes,  combine  in  themselves  properties,  it 

paJj^ 

would  seem,  ITncom  pa  ti  ble ; they  have  negligible  thermal  resistance  and 
good  dielectric  properties,  it  is  possible  to  name  high-voltage 

■lu> 

thermal  OMeahs  [105]. 


-WTJe  T. 


Which  parameters  of  thermal  are  most  important?  First,  the 

maximum  value  of  the  heat  output,  transferred  along  dwMht.  It  is 


determined  either  by  the  onset  of  the  crisis  of  boiling  or  by  the 
gas-dynamic  closing  of  steam  channel,  or  by  the  limited  productivity 
of  capillary  pump.  In  the  second  place,  the  thermal  resistance  of 

■ Ul-( 

(It  depends  on  the  thermophysical  properties  of  the  core  and 


heat-transfer  agent,  presence  of  the  residual  ai.  non-condensable 
gas).  Thirdly,  the  coefficient  of  heat  exchange  on  the  external 
surface  of  ev aporat or,^aBjM»*Mec  and  condenser> 
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^ne  of  the  aost  prcmisinq  ways  of  a leduction  in  the  thermal 
resistance  is  the  realization  of  the  induced  convection  of  liquid  in 

the  zone  of  evaporation  and  condensation  with  the  aid  of,  for 
example,  different  fields  (magnetic,  electrical,  ultrasonic, 
temperature,  gra  v r t a*"  iona  1 , centrifugal  etc.)  and  a decrease  in  the 
thickness  of  the  fluid  film  and  porous  core.  In  this  case  for  the 


supply  of  the  necessary  amount  of  liquid  into  the  zone  of  evaporation 
from  the  zone  of  condensation,  are  utilized  the  supplementary 


arteries,  which  can  be  ir  ■ mn  jiij'1  n ra  t r i1  along  the  jt^itaB*axis  of  thermal 
(Fig#.  2)  [ 31  , 32  , 43,  105  ]. 


A 
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The  selection  of  heat- transfer  agent  for  the  thermal  ^ and 

steam  chambers  is  realized  on  the  basis  of  the  following 
requirements:  1)  the  maximum  value  of  the  coefficient  of  surface 
tension  a and  good  wetting  properties  for  providing  the  necessary 


capillary  pressure  head 


AT, 


2)  low  ductility,i|»ca94m*«tf^n£B«ec«^ 


in  order  to  facilitate  the  conditions  of  the  transport  of  liquid 

utf,J 

along  porous  core;  3)  the  high  heat  of  vaporization  for  achievement 

1 


of  the  maximum  heat  removal  from 


unit  cf  surface;  U ) high  thermal 


conductivity  in  order  to  decrease  the  ♦hermal  resistance  of  the  core, 
IV  UA 

filled  xgf  liquid;  5)  the  operating  range  of  temperatures  ^ must  be 
A 

located  «#-'^temperat are  range  between  ♦’he  triple  and  critical  point; 


6)  the  high  density 


!’*•  in  order  to  decrease  the  process  of  the 


.V 

interaction  of  flow  with  liquid;  ')  inertness  with  respect  to 


the  material  of  core  and  housing  of  thermal  duct. 
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Chapter  1 


THEORETICAL  PRINCIPLES  OF  THE  UORK  OF  THERMAL  TUBES. 


1.  High-temperature  or  "isothermal”  thermal 


thermal  iwiH»o  are  based 


Known  at  present  theoretical  works  a twg  thermal  iwi^o  are  basec 
cn  the  assumption  that  the  thermophysical  and  thermodynamic 
properties  of  heat- transfer  agent  and  capillary-porous  core  are 
constants  and  do  not  depend  on  temperature.  In  essence  they  describe 
high-temperature  thermal  , 


^ S V 

Cooling,  the  rnndrn~rrjjfnp>nit  w of  high-temperature  thermal 

4«9te.  is  realized  most  frequently  by  e miss  ion  into  the 

\ 

environment  and  by  means  of  the  thermal  conductivity  of  the  rarefied 
gas.  For  them  is  characteristic  the  small  area  of  heating 


into  the 


(evaporator 


and  the  substantially  large  area  of  cooling 
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'n 

(condenspryfeapwci*.  ttif)  . As  heat  - tra  nsf  e r aqent  usually  is  utilizori  any 
»ptal  in  the  molten  state. 


i-kv 


The  porous  core  of  high-temperature  thermal  ■inotio  usual  ly  has 


hydraulic  friction  and  high  thermal  conductivity.  The 
fundamental  performance  cha  tact  er  ist  ic  cf  thermal  is  the  maximum 


value  of  the  transferred  heat  output  in  gravitational  field  and  under 

conditions  of  weightlessness  and  the  absolute  temperature,  ^ 
which  /iTbrk 


The  maximum  value  of  the  heat  output,  transferred  along  thermal 
duct  under  stationary  conditions,  is  equal  to  the  sum  of  the  heat 
output,  transferred  by  convection  and  thermal  conductivity: 


Qn,ax  - Q„„„b  + 


(!.I) 


^ The  heat  transfer  by  thermal  conductivity  in  axial  direction 
in  the  housing  of  and  porous  core  it  is  possible  to  disregard  in 

h 


comparison  with  tra nsm ission  convection;  therefore 

A 


Qmax  — — /m.max^  » 


(1.2) 
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where  h is  enthalpy; 

axial  direction  9 '}K  niex 

vd  por izd  ti on . 


P A G F <20 

n 


i iA  ■“ 

the  maximuni  fluid  flew;  r'  - heat  of 


- the  speed  »mtee  in 


E*^^=TT5'. 


The  fluid  flow 


a\H% 

ma*  - ca p il  lary  - porous  core  is 


/.Vo*/ 

determined  on  the  basis  of  the  transport  properties  of  core  -yww  't'he 
transfer  of  the  selected  liquid  with  the  aid  of  cap’llary  forces 
under  the  action  of  the  gradient  of  capillary  potential. 


For  the  stationary  working  conditions  of  i*-  is  necessary, 

/7w  t 

pressure  change  in  the  closed  loop  within  the  tube  ttb 
IP  = 0,  i.e.. 


At  the  same  time  i t is  necessary,  io  order 

/ 

APn  ~ AP^  AP„g„ 


(1.4^ 


or 


SP 


AP 


AP, 


nUa!>.coup.+Hifcputifi>  ' ’<«n 


<AP„„„.  (1.5) 
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A 


^^rcordiny  to  the  equdtion  Laplace  — Young 
surface  of  r^ot  i.ww  liquid  - vapor  TRe  pressure 
to 


, on  the  curved 
differential  is 


equa  1 


A/^=of-L_J_V 

A>'  P"  j 


(1.6) 


where  R*  and  R* • are  the  radii  of  curvature,  which  describe  the 
three-dimensional  surface  of  the  meniscus  of  liquid. 


■iw  /> 

If  liquid  wets  core,  the  angle  of  contact  loss  than  90®.  Let 
assume  that  the  interface  (Tiquid  - in  condenser 


us 
and 


a>urf 

•vap<>t« is  spherical  (R  - R'')  ,is  described  by  radii  at 


'.r 


f^n  mo  d 


7u?>x. 


y 


^ n'p' 


&P 


I'an 


2^ 


(1.7) 


r..8) 


(1.9) 


j hi 

Under  the  opti«u«  conditions  of  the  work  of  r ad  ius  of 

interface  vapor  - liquidjin  conden ser approaches  infinity 
i.e.,  there  is  a thin  film  of  liquid  on  porous  surface. 


Then 


2<t 


2o 

^mln 


^Miln  “ ' 


2a 


<'RK 


(1.10) 

(1.11) 


where 


the  naxiniun 


uimtniK  of 


capillary  elevation. 


The  capillary  pressure  in  qravitational  field  and  the  potential 
of  transfer  ace  defined  as 


DOC 


770  1 01f>S 


PAGE  2^ 


, 2rr  cos  0 

V == • ff/i  s:n  'X, 

r>,.,  r..-„ 


2(tco.s0  , , . 

K«„= 'Wi  sin  ct. 

^ rnitj 


(M2) 

(I.!3) 


The  pressure  d if f eront ia 1 , in  liquid  phase-  Force  of  inertia  in 
the  liquid  phase  of  thermal  usually  they  disregard  and  is 

examined  laminar  viscous  fluid  flow  in  pores,  which  obeys  the  law 

cf  Barcy#: 


\^p  _ P)h/)K  ^-»<t 

P..,A'S 


(!.M) 


1 

1 


i 

I 


In  this  expression  they  use  the  effective  length  of  thermal 


unc 
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^n.r) 


. / /..  -•  /„  ^ 
. 2 / 


(!.!5) 


This  is  Cdused  by  thp  fact  that  in  tho  zonp  of  evapocation  and 
condensation  is  assumed  the  presence  of  the  uniform  radial  flow 

ot  mass  as  a result  of  evaporation  and  condensation  [107]. 


The  pressure  differential  due  to  the  forces  ot  qravitation  is 
ejual  to 


■\P. 


■A';',,,/- sin  0. 


n.icd 


The  account  of  the  forces  of  friction  and  qravitation  qives  the 
total  pressure  differential  in  liquid  { ha se 


AP  ^ i *)»/)»( ^*;><** 

IK  — — 


^TP^/.sinO.  (l.!7) 
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If  we  distejari  the  pressure  differential  in  vapor  phase,  then 
the  maximum  fluid  flow  capi  1 1 a r y- porous  core  it  is  possible  to 

find  from  formula 


V \ u„,  / CTCOsa  J ' 


^ where  the  anqle  9 characterizes  the  a^mpaptin  cl  inat  ion  of  thermal 

1 

I 
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o lin»>  ot  horizon.  Usual  ly  lip 


limirs  of  O-IUO**. 


is  tho  ar.jlo,  fornei  by  the  surface;  of  liquil  anl  by  solid  surface  in 
capillar  ips  durirnj  their  wettiny;  tor  the  wettinj  liquils  of  -x<i'  . 


-tM 

If  one  assumes  that  heat,  apflieil  to  thermal  is 

■K 

ex  pen  d>lpiMMMH»«i  on  the  process  of  phase  transition,  it  is  possible  t j 
determine  the  heat  output,  transferred  by  the  aBBfc- 


For  q = 0 


Q ^ ; r'  ^r'  ( f 


X 


. ! \ !1>« 
i 2 _ sir.  0 \ 

■,  /?rr;ln  CTST.  a j 


X 


n.i9) 


Q = r'  / ^ 

\ Hw  ) J 


(1.20) 
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"t. 


— L s'n  0}. 


K.S^^r'h^„ff 


(1.22) 


The  process  of  the  notion  of  liquid  in  porous  body  under  the  action 
of  the  qradient  of  total  pressure  more  correctly  is  described  bv  the 
qeneraliz-^d  lav  of  ^rcy#.  In  iiM;  ono-d  iaensi  onal  case  it  is  possible 

<y 

to  express  as  follows; 

A 

im~  —K  *;0)  Ktad  O.  (D  = ^ h.  (1.23) 


•* 


► 
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liowt^vf'i  xri  I ♦>  1 1 t ht»i  OH  1 


7 


to  dcct'|;t  th^*  con  1 It  i on  th.»t 


-Ilk 


♦ tiy 

t h H t I o - 


•*  «•  • 1 • I y i • . . • . it  1 ■ 

in  '*  >t  • i ..  *n  • - 1 i 1 • n »r  il . 


Specifically,  tot 

cf(,  I 

aoves  at 


i nte i ac t ion  w it  h 


th-=  poroua  cores  of  ww  ;i»all  thi'itnesa  whf»n  f 1 o>i 
a hijh  speed,  it  is  necessary  *o  consilJt  its 
li'juil  near  surtace  (nave  foro'ation  on  surtace) 


which  shows  up  in  speed  distribution  of  liquid  a » -» «»  the 

section  of  cora.  Therefore  it  is  necessary  to  distinjuish  at  least- 
two  velocity  component^f  liquid 


dr  Oy 


(1. 24,1 


The  description  of  the  process  of  the  notion  of  liquid  in  the 
core  when  its  thickness  a <<  P,  can  be  Manufactured  with  the  aid  of 
the  equation  of  Poisson 


•A 


aoc 
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o^p 


(T-P  \ 

Oy'-  I 


n.2r,) 


■Li  i u i'-u 

HoweveL,  mmmuf' calculation  of  coresJm^  this  offect  usually 
/I 

distogard.  The  UMW^general/ttfeaei  equation,  which  describes  the 
mass  transfer  in  porous  body,  is  [ 103] 


^ 

dx  0x‘ 


^ c'iv  grad  0). 


(1.2G) 


where  the 


do 

OU 


the  coefficient  of  hydraulic  diffusion; 


p 


O 


•/ 

p 


(!.27) 
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The  use  of  ejuation  (1-26)  .especially  important^  foe  <■  he 

A. 

examination  of  tna  processes  of  thermal  shock  in  thermal  which 


are  locate^)  in  (gravitational  field,  when  applied  heat  fljx  produces 

the  intense  evaporation  of  liquid  and  condensate  ^ moves  over 

-1 

unsaturated  porous  core  at  the  final  sp'»d. 


In  a number  of  cases  when  the  ten 


can  be 


disreqarded,  equation  (1.26)  can  be  siaplitied  and  is  presented  in 
the  form 

“ * di v tjrad  0;  ^-^-0 . H , 28^ 
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Fol  tho  solution  to  this  equation  in  the  case  of  the  unsteady  process 

of  the  motion  of  liquid  along  unsatucated  porous  cor3,  it  is 
necessary  to  iinow  the  values  of  (0;  and  K (Q) . for  » /7vc 
«a«0c:^BBp^specif  ic/ift«feM4  porous  material.  Under  the  stationary 
wcrkinq  conditions  of  thermal  and  K are  constants. 


Nonlinear  differential  equations  (1.26),  (1.28)  present 

significant  difficulties  for  solution  not  only  by  analytical,  but 
' ‘ri 

also' numerical  methods  both  as  a result  of  the  powerful  nanlinear 
■1 

dependence  of  and  /C(0),  . and  as  a result  of  the  large  difference 

r./ 

in  the  speed  of  absorption  4siko  initial  and  that  which  follow  points 

'1 

in  time.  In  work  [ 109]  given  numerical  solution  of  the 


a 
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^ wo-(l  imen  s iond  1 problem  of  mass  transfer  in  porous  tngdid. 


Frequent^ly  as  an  approximatioj^  is  utilized  the  exponential 
dependence  of  c,„(0).  In  this  case  equation  (1.2R)  can  be  rewritten  as 


il  ^ A — ' 

dr  dx  I dx 


and,  therefore,  to  present  as 


■ - 9,)  = exp  (o;„)  inj„  _ o;.'  - exp  (0j_,)  /q)  _ 


which  makes  it  possible  to  calculate  OJ'*’’. 


for  the  description  of  the  process  of  mass  transfer  in  the 

<tla 

porous  core  of  thermal  4«*k^u  t f ic  lent  to  use  the  equations  of  the 
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filtration  transfer  of  'Mbs.  liquid#  in  which 
accepted  as  constants  [110]: 


a„/(l).  an!  K (»)  are 


div  , ~ i\-p  = r — - 

! n ' • ' r)r 


(1.31) 


This  equation  for  the  case  of  homogeneous  liquid  in  isotropic  porous 
material  in  cylindrical  coordinates  takes  the  form 


r 


d " roK  i dP  , ^ dh  \ 1 
dr  ^ V ^dr  dr  / j 


^ 1_  d r dll 

r-  d'l'  V dij’  ‘ dll' 
dr  Ti  I,  dr  ' dr  i _j  dx 


(1.32) 


The  pressure  differential  in  vapor  phase.  Ai 


the  pressure 


Ad„  in  the  vapor  phase  of  thermal 


drop  in 


occurs  as  a 


result  of  the  presence  of  the  forces  of  friction  and  inertia  during 
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3^ 

■■  h.: 

notion  -hm*-.  Fi^hch  i,  a,  b,  c .jivos 

> / , . 

u t 'y  o 

the  v-^poi  phase  of  h i ) h- ^ e *1^  i a t m leperiinj  on  the  velocity 


»»  t^he  prassiirf'/^n 

A 


of  vapor 


U,  i »n1  jt*on*-»iic  1in**nsions  ot 


ind  condenser 


of 


. In 
ve  1 oc  i t V 


cari  bp  cnai  lot  •^.  1 zol  by  t i.o  radial  ✓»-locity  U,  and  axial 

V tS^C 

he  beat  - insii  L^i  part  of  *he  ciaafe^  we  exanine  4Mli»  only  axial 


lix 


l»'t  nr.  examine  thecmdl 


LjU 

in  the  form  of  cyliniar. 


«,k\ 


Na  Vi  er-St  o keij  equation  cylindrical  coordinates  in  steady-state 


operating  conditions  ot  tube  takes  the  fora 


dr 


O.K 


'"I  0 , dU. 

L r Or 


dr 


^ r . X 

Or 


AM± 

dx 


''  d 


^ dr  ^ r 


dr 


dx 

d-U^  1 

lv"j' 

dP  ^ 
'dr 

uAAL] 

dx>  J 


(1.33) 


Equation  of  continuity 


djrlJ,) 

dx  dr 


(!.34) 
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It  o^.^'  »dkes  into  account,  that  the  length  of  tberrail  <imm*  it 
CO nsi  loi'd b 1 y jreater  than  m radius,  tube  has  invariahlr*  gaometry  and 
Wi»  constant  t her  ■«  oph  ys  ica  1 properties  of  the  material  of 
heat  - 1 rar.s*er  ag-n»,  then  the  given  system  of  eguations  can  b® 
significantly  simplified: 


dx  ■ dr 


u — 
, r 


dr 


~'dr-  ^ 


dx  j 
dx-  ' 


dl 


vr  \ dr 

■ 'T-L\  , d-U,  . 


Av  ! ■ 


^ dr  '- 


0\^ 

dx 


r 

(HrUr) 

dr 


dr 

■ = 0. 


JJ,  \ 

r- 


(!.35) 

(I.3G) 

(!.37) 


4k)undary  conditions  for  the  solution  of  this  system  of  equations 
can  be  written  as  follows: 


— U , 

^ R,  U,  .0  Ur,.)  -0. 

^A,(ki  Uk  . 


Along  the 


axis  of 


fC 


r = 0,  (y,  = 0.  (;,  = 0 


0. 


D(x: 
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Solution  to  the  equations  pointed  out  above  with  bounlary 
conditions  gives  the  following  expression  tor  the  pressure 

2L/< : 

differential  in  the  vapor  phase  of  the  thermal 


A/’n  = P^o.r)~Pu.r)=  8p,/7;  ( -f-  0,GI7\  (I.GO) 


if  WO  suppose  that  in  evaporator 
-is 

different  ial  is  equal^ 


* ho  pressure 


1 P- 


AT’n(M)  = Sn  I - 0 6'"' 


,-J^  w'lyV 

The  relation  of  the  radial  velocity  of  motion  to  the  axial 


I 
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dveia^e  spood  «♦  at  output^ jwtrt  trom  «vapnr.i*-  or  can 

be  obtained  with  the  aid  of  the  law  of  conservation  of  aass 


Cl/.  1) 


ana  lo-jousl  y 


JL^ 


R 


(1.42} 


Re  = 


!?e 


UrR 


a)  in  GVd(.ora  or 


A/’n.H.  = ' : .234  -±1  . ^ ( , 43) 
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for  Rg  >>  1 (laminar  flow  i 


b)  in  the  hea t -ins ula^i  zone  the  process  of 


h y 1 ro 1 yn  im  rc 


motion  of  vapor  will  be  analogous  to  the  process  of  the  flow  of  qas 
in  with  rouqh  walls.  It  it  is  possible  to  describe  in  the  case 


of  laminar  flow  by  poiseuille  equation 


2 , y?:^ej 


(1.44) 


■:tuJU 

c)  in  the  zone  of  condensation  of  the  process  of 

condensation  to  a certain  extent  is  analogous  to  the  process  of 
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(I 


suction  through  tho  porous  In  the  pros^nc^  of  3 orri'’ ns^t  ion 

.MCf^  i 

the  Idmintr  wail  boundary  layer  of  condenser^  i yaLiiAwi  <-he 
' ' h ■ ti^t  !i  ^ 

pressure  d i f f er  ent  i al^  subst  an  t ia  1 1 y less  than  in  th^  same  but 

without  condensation  or  suction;  therefore  xt  can  be  drjSr’ gard  ed  and 

[u>  I 

considered  that\^  the  condenser  k«*M|>pr  essur  ejco  nst  a n<- i s egual  to 


pr essur 


he  inlet  into  conden  ser^ixp«Bii>  i 


Thus,  a pressure  drop  in  the  vapor  phase  of 


for  tho  case  of 


laminar  flow 


^can  be  presented  in  the  following  form: 


n — nfii)  nfT)  AP n(K)  ^ 

-0,5p„U1  / n.45) 


when  /t  > /„  and  Re, < I, 


In  rough  approximation  for  Wm  long 


DOC 


770201hS 


PAOF  * 

d pressure  drop  both  in  t ho  e v d ^ or  d t ^ r 4*»F**^>  * ' * f' 

condensoi can  be  distejat  led,  Th*-n 

\P„  \Pn,.>.  (lAC,) 


Tf  «e  dssuire  that  is  valid  the  ^oiseuille 


*■  hen 


AP  = — H j 

nip 


for  the  case  of  turbulent  flow 
pressure  differential  is  deterained  as  follows: 


in  thermal 


a),  in  evaporator 


the  pressure  differential 


AP„,h,  = 4.4501^^2^ 

R 


(1.47) 


the 
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if  one  considers  that  M-'-  -0,^—- . 


a/’.uh,  ?.2.io,/y;; 


(1..18) 


b)  in  the  ha  1 1 - i nsulad  pa  1 1 of  the 

A 

equation  of  blasias. 


according  to  ♦■he 


AP„,t) 


(1.40) 


c)  in  condense  r>lB^aais:to*r 


' A/’„,„=0.  (1.50) 


Thus,  (I  'Bu  mmmmftjf  m ih  i uhji'tot  al  pressure  differential  in  tube  under 
the  coiidition  of  turbulent  flow  pai^ 


AP„  = 4,45p„6'*  0,0 1 07  . ( j 5 n 

R p^y?i9/4  ' I 


tTie  total  pressure  differential  in  liquid  and  vapor  phase.  The 

-.rtftn 

total  pressure  differential  in  latmam  and  liquid  phase  can  be  written 

in  the  fora  [111] 
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Sn  / , ,» 

- "V  / .j(,o^Asip0. 

r!.52' 


f^OB  this  quadratic  equation  relative  tc  flow  j it  is  possihl® 
find  1 anl,  ♦hciefore,  to  detcraine  the  heit  output,  trunsferted 
along  the  «oia«^axis  of  by  fotaula 


Q = •>'. 


or  lonj  theraal  4Bnw  where  the  pressure  differential  is 

detecaineJ  by  viscous  foices,  expression  tor  j takes  fora  [107] 


Hu 


(1.53) 


Linitation  on  heat  transfer  in  theraal  as  a result  of  the 

emergence  of  shock  waves  in  vapor  phase.  If  the  speed  of  motion  fiflflbK 
in  the  conden  ser of  t her  ma  I WboMv  reaches  the  speed  of  sound 

are  foraed  shock  wavecJ.  which  can  cause  the  disturbance  of 

V - r r-  1/  . y 


■tOrJ,  t 


lY  ■ 




In  connection  with  this  it  is  necessary  that  the  flow 
/n  would  not.  exceed  value  [29] 

= ^'’A^x..n.Pn. 


(1.54) 


where 


U, 


- the  speed  of  sound. 
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» •<»  for  a perfect  qas  can  be  found  according  to  foraiila 


^ ■/  c-7^ 


n.5,'> 


The  Baxiaua  heat  output,  transferred  along  thermal 
is  eg  ual  to 


~iuv 


in  this  case 


5.».  -<  = nr-LA  ,,  o„r'. 


, ZLk.^ 

limitation  on  heat  transfer  in  thermal  immim-  as  a result  of  the 
interaction  of  flow  ftam /^ith  liquid  in  porous  core.  At  high  speeds 

of  motion  ’mairt  i>  can  substantially  ♦'lie  transfer  of  liquid  on 

,^artTh 

A 


core.  This  first  of  all  is  related  to  thermal 


0 pen 


channels  [h2].  To  evaluation  criteria  of  interaction  imimK^vith  liquid 
are  the  criteria  for  Weber  Ue  [112]: 


(-’•57) 


mhere  z 


is  the  significant  dimension  of  the  surface  of  the 


interaction  ot  flow 


'Ur, 


^ith  liquid. 


The  maximum  heat  output,  transferred  along  the  thermal 
Qtp  and  determined  by  interaction  with  liquid,  can  be  found 


from  expression 


(1.58) 


with  He 


1. 
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2.  Thermal 
low- temperature 


of 


e moderate  temperature  ran^e  and 


“ie  Ihe  transmitting  ot  heat  along  low- te  a perat  ure  thermal 
L ^tAj^ 

of  parameters,  such,  as  thermal  resistance  of 

-cJm, 

the  walls  of  porous  core,  saturated  by  liguid,  temperature  jump 

in  the  7one  of  evaporation  and  condensation,  the  thermal  resistance 
of  fluid  film  above  the  porcus  cor®  in  the  zone  of  conlensition  and 
finally  the  transport  properties  of  porous  core. 

All  parameters  pointed  out  above,  with  the  exception  of  the 


4 


P Af’.K 


latter,  dial  act  or  iz«>  process  heat-  and  mass  oxchanqe  within  thermal 

UM  ' ' 

imrst,  whon  tho  of  tempeiatnre  is  present^  as  motive 

power.  The  motive  power  of  the  transfer  of  liquid  in  capillary-porous 
body  is  the  ijradient  of  capillary  pcjtential,  which  is  formed  in  the 
presence  of  evaporation  and  condensation  in  the  different  parts  of 
the  porous  body.  For  1 o w- tempe  r at  ur  e thermal  limfc"  ir"'  characteristic 

it,  'I 

boundary  conditions  3,  2 or  1 kind  in  the  zone  of  condensation. 


I c;)  ^ I 

The  maximum  value  of  Hh?  heat  output  transferred  along 

is  limited,  on  one  hand,  by  the  emergence  of  the  crisis  of 

. c><-  /h/  4? 

boiling  liquid  in  the  pores  of  coto,  wjaUkia«i»ot  her  - limited  capacity 
A '\  \ 

during  the  transfer  of  liquid  on  porous  core  under  the  action  of  the 


gradient  of  capillary  potential.  Thermal  ducts  can  work  either  in  the 
mode  of  the  evaporation  of  liquid  from  the  surface  of  porous  body  or 
in  the  ^ Y^MiTirt iff**"  of  boiling. 


Ondet  conditions  of  weightlessness  with  heat  removal  by  the 

L< 

evaporation  of  liquid  from  the  surface  of  t lat/^tflOmK  po 


; porous  core 


it  is  possible  to  find^^rom  forrula 
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PAt'.E 


I'rr  , n r 

Q = K ^ 

"^mnx  ' 


^^.n'n  .“,K  ( JllL  I ■-  i:^'| 

\ 2 " 2 / 


, n.59) 


titor  which  wis  obtained  on  the  basis  of  the  fact  that  is  ob?:oived  the 
equal  ity 


AP„  = AP,„  _ AP„. 


in  this  case  we  assume  that  AP,,s^0. 


the  value  of  during  the  emergence  of  the  crisis  of  boiling 

/ « ( 

usually  ist^HMES*^  experi«entally.  Besides  knowledge  of  Qmax.  fot 
low-t  tu  re  it;  is  necessary  to  know  their  therwal 

resistance  or  the  temperature  differential  ootween  the  external 
surface  of  ii  ij  i i 1 1 ~r  faMp~ri  -t~  ~ * condenser, #rinin>*rri-  at  the  known 

value  0. 


Let  us  examine  process  heat-  and  mass  exchange  in  the 

'1 


■A 


'y  P A G F 

l.l 

evaporator,44t^^a&s»««  of  thprroal  with  "T  ~ \»|  J'll  porous  core 

(Fig.  h) . Let  us  assume  that  the  porous  core  has  a thickness  6 and 
width  b,  is  isotrjpic  and  t ho  heat  exchange  in  it  is  raalized  by  ^ 
thermal  conductivity  and  •'convection. 


PAGH 


IH 

Fiq.  q.  emcn  t-  of  porous  coro  of  rhprmal  tube  in 

the  zone  of  I'vapo ration. 


The  properties  of  liquid  and  core  are  determined  at  the  averajed  from 
the  volume  of  core  temperature.  Temperature  jumps  in  the  zone  of 
evaporation  and  condensation  we  disreqard.  Fluid  film  above  the 
porous  core  in  the  zone  of  condensation  is  absent. 


For  t he 


element  of  f lat 


porous, core  with  a thickness 
6 in  the  zone  of  evaporation  of  thermal  ijtgaJjy  depicted  Fiq.  h. 


it  is  possible  to  write  the  following  equations  of  heat  balance; 


/ ) Bxo.t 

0 


ay 


i xJ  Bi/xo,t 

-'-dQ.^dQ,  • dQ,  (:.60) 


dT 

('ll 


Q.  - Q,  • Q,  - Q,  Q,  Q,  (/Q,  ^ <IQ,  dQ„ 
dQ,  dQ,  -e  dQ,  - 0. 
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On  the  basis  of  energy  balance  in  the  <^^Srele«ent  of  porous 
core,  let  us  write 


,,,  , f!  I (IT  \ , . . (h 

(ly  \ CIJ  ; (!l 


dh_ 

u 


,S 


The  'leiivdtives  of  the  second  order  in  this  case  we  disregard  in 
hmmm  of  their  smallness 


(f-T 

dy- 

d-T 

dif 


(ly  - im  ■ 


(11^  M 

(ly 

(ly 


■ dlj  : 


nfy2) 


f'M) 


Let  us  make  the  following  substitution: 


dy  (ly  f’m  (ly 


(!.Pd) 


■a 
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where  C/.^  - the  heat  capacity  of  the  porous  core,  til  lei  hy 

liquii . 


Pa'jv  . 


In  the  cores  of  thermal  cmmim;  the  term  9^  dP^^tdy  usually 
composes  9;^  very  low  value^S^  which  it  is  possible  to  disretjari, 

then 


dh 

W 

(‘‘U 


Cp 


d.T_ 

dij 


n.65) 


i 


4 
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substituting  (1.*>5)  in  (1.62),  we  obtain 


j!-r_ 

dy- 


U\/^Pf 

"iTJ}'.. 


- u 


clT 

‘■a 


(1.G6) 


Let  us  designate 


dij 


= 2, 


then 


f P'r, 

(I.G7) 

!yu^Pi*i  f 

(1.68) 

(1.69) 

^ exp  f tf  ] . 

(1.70) 
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Diidl  integration  of  differential  equation  (l.fii)  gives  to  us 
temperature  field  in  the  porous  core,  filled  by  heat -t cans fer  agent, 

when  the  evaporation  occurs  from  the  surface  of  porous  core- 
After  dual  integration  we  obtain 


7*1  ^iiac  — 


^ \ cxn  ( tr  (hi. 


/:.7G) 


I 
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/yid  lo'jousl  y art  is'kOMA*#'  the  temperature  differentiil  between 
the  external  and  internal  surfaces  of  the  condenser of 

tl'-L'i 

thermal 


T — T 

‘ Mac  ' 1 


■ = r \-uy-Cp.^  \ , 

bL,7.l,  J J'-y-  ('-7^) 


^he  temperature  differential  on  the  wall  of  the  housing  of 


e vapo  ratotj 


and  condeiiseri 


= Trr— = 


is  equal  to 


/’KKr 


W>„>-cx 


PARK  M 


fotal  temperat  ur  r.  d i f te  r en*:  ia  1 bet-ireen  the 


external  wall  of  e v aporator^Ha  f>ai  i aap  and  condenser^  i jii  ' i ir  of 

Ll-f 

f lat,«^  ahe-  1 ow- ten  per  ature  thermal  or  i>tediii  chamber  is  ejual  to 


^:.P  - 7-r,.p  = at-..  ^ (7’„  - r.,,. .)  - • ,\r„  = 

Tl.  ~ i I “77; -7^  t --T}  • < 


exp  l/  ;r)(!ij  = ^ exp  ' yt  ^ dy. 


PACJt: 


6^ 


and 


Xr  th<»  presance  on  external  surface^  the  evaporator, 

c onden  se  i »4-t  n r of  the  low-te«perature  thernal  of  the 

bound.t,  co„.lti»„s  of  t,e  ,s,  U„d  - ,r. , „ 

PO.er  0,  tranof«red  along  ,hor.al  duct,  can  bn  deJr.innl  b,  for.ola 


'7'^  ' N ' * 

V — :.fap  ^ »’sr> 


/ ; » 


X 


X I exp  ' * (///  -^  / V K 


y i e.xp 


(1.83) 


t«.gu  7T. 


A 


This  analysis  is  valid  when  in  the  porous  core  of  thermal 
is  absent  the  free  convection  of  liquid,  caused  by  the  gradient  of 
temperature  field  in  the  radial  direction  of  core,  i.e.,  the 


1 


ino>>Mh5  PAr,K  jr 


ciiterion  for  R<i;»i  <t.T  [‘>7]: 


t 


■'>»;■  >*( 
\' 


\ AT. 

■ I / 


r.«4) 


In  this  cdso,  the  sppel  of  tho  filtraticn  motion  of  liquii  in  thr 
axial  direction  of  core  exceeds  the  speed  ot  the  displacement  of 
liquid  under  the  action  of  the  forces  cf  free  convection,  caused 

by  the  presence  ot  density  gradient  as  a result  of  the  existence  of 
the  gradient  of  the  temperature  in  the  cross  section  of  core. 

3.  Effect  of  the  boundary  conditions  in  the  zone  of  condensation  on 
the  value  of  heat  flux,  the  distribution  of  tempe ratura  field  and  the 
thermal  resistance  ot  thermal  daste)  and  steam  chambers. 


Ci. 


The  boundary  conditions  in  the  zone  of  condensation 
cooled  porous  surface,  and  the  also  boundary  conditions  on  the 


external  wall  of  the  condenser 


of  the  thermal 


and 


steam  chambers  determine  the  fundamental  performance  character  ist  ics 

-rtJU'i-, 

of  thermal  Specifically,  on  them  depends  the  value  of  tho 


-.4 
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temppcatuLe  of  aa+urdtion  «f  the  tnermal  resistance-  of 

as  a whole,  the  temperature  differential  alonq  the  external  wall  of 

-uU 

the  (iiUU-L  or  steam  chain Der.  In  this  paragraph  let  us  attempt  to 


examine  the  effect  of  the  boundary  conditions  of  the  2nd  kinl  on  the 
werx  ct  thermal  ft,iM  fcw  with  flit  ,i|ii«ni  i and  cylindrical  porous  core 


dependinij  on  the  ch  arac  ter  i st  ics  of  ca  p il  1 a i y - porous  bodies  and 
liquids  in  the  presence  and  absence  of  fluid  film  above  the  surface 
of  condensation. 


This  analysis  makes  it  possible  to  determine  the  most  successful 
combination  of  porous  core  and  hea t- 1 ra ns  ter  agent  with  the  assigned 
heat  flux  on  the  external  surface  of  the  condenser  of  thermal  lingt. 


and  also  the  necessary  length  of  the  t-  jp  > . r thermal 

When  conducting  this  analysis,  is  made  a series  of 
significant  a ssum pt ion s^basic  tmmm  which^^  the  absence  of  the 
gradient  of  temperature  in  the  cross  section  of  porous  core. 


One-dimensional  model 


1.  Dependence  of  the  geometric  dimensions  of  Mw  flat 


I 


PAGE  V-4 


porous  core_^  of  thH  con  len  so  i ^irui  pir-  i-»o»  of  tskv  stodm  chdnibers  dm! 
thermdl  on  the  amount  of  heat,  scattered  on  wall  into  the 

environment  (boundary  conditions  of  the  2nd  kirid,  ‘M,  = cor:s.  ) . 


Let  us  make  the  following  assumptions; 


in  conden ser liquid  in  the  pores  of  core  ^ entire 
length  has  constant  temperature,  i.e.,  there  is  no  supercool inq ; 

heat  exclnrge  with  the  wall  of  housing  takes  latr ur iit~ ~rf  forced 
convection ; 


heat  flux  on  the  external  surface  of  condenser  is  constant, 

a,  = Q . Lk.  C = co".<  /-evenly  is  scattered  into  the  environment; 

A 


saturated 


is  condensed  on  the  surface  of  core  lirectly  in 


pores  (there  is  no  fluid  film  on  the  surface  of  porous  holy)  at  the 

I'f 

constant  velocity  ^ t/'n^const-  flow  d oes  not  introduce  t 

1 

contribution  to  a change  in  the  momentum  of  liquid  in  porous  core; 


the  interface  liquid  - vapor  in  pores  is  characterized  by  radius 
of  curvature  R; 


flui]  flow  in  porous  core  laminar,  obeys  the  law  of  Parcy^^  and 


/I 


f/w. 


has  a velocity  of 


W ^0  HiS 


rnir 
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^1.0  porous  core  of  con  den  se  is  exu-ninad  in  fhe 

form  of  p » ra  1 lo  lep  i ped . The  ««iit?'element,  of  condenset^ej«^Bifl«fc»*^  (F  i'J- 
Sa)  has  geometric  dimensions  (dx,  b,  c)  and  a porosity  orfe*  att«w 


let  us  examine  the  integral  equations  of  mass  balinca  and  energy 
for  this  «SU7'e  le  me  nt. 


Balance  of  mass.  Let  us  find  the  dependence  between  the  flow 


^nd  liquids  on  the  basis  of  the  equation  of  continuity. 


For  the  ^^S^element  of  porous  core  bey.  width  z - b,  up-r 

/■  \ 

heiqht/^uiSlS^^  y = C and  with  a thickness  dx  fluid  flows  at  entrance 


and  exit  are  equal 


respectively 


/)n(l)  ■ In  />i<(2)' 

/>i(C2)  = n (he)  u,„, 

^ m(i)  ~ ^ 


(!,85) 

(!.86) 

(-.87) 


Un<1^  = f’,,,  n {(k)  = p,„  n ciu.j,  (i.ss) 

in  = f’„<  n (he)  clx  = p„U„  (b  dx).  ( 1 .89) 


p- 


faring  the  aotion  of  liquid  along  porous  core  under  the  action 
of  a pressure  difference  as  a result  of  the  presence  of  the  gradient 
of  capillary  potential  it  is  necessary  to  overcome  the  forces  of 
friction  and  inertia.  However,  in  the  majority  of  cases  inertia  terns 


■onentum  of  liquid.  Un  ier  stationary  conditions 


-PJ  / = n!j%  :UJJc)-oU%,n(hc)  = 

(1  ((P^ 

■dxUlhc).  ^ (100, 


dx 
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ur 

Accor'liny  to  the  law  of  t?arcyf, 
liquid  in  porous  boly 


diirinq  the  motion  of 


dP 

rf.v 


A-,  ” 


(’.01) 


where  A - the  cross-sect iona 1 area  of  porous  core. 


r 


_-i_  dx  n {hc^  = {be}  njj„,dx.  ( 1 .92) 

y 


a result  we  obtain  the  differential  equation  of  a chanqe  in 
the  momentum  during  flow  of  liquid  through  the  le !®e n t of  porous 

core 

(IP 

- 2a - r.Kdd„,UJx  = p„,  dx.  ( ! .93) 


1 


\A 


HiJL  ■ ffSiOlijS 


P A c;  K 3^ 

(,6 


^nergy  bdlance  on  the  basis  ot  the  law  of  conservjtion  of 


energy.  Let  us  find  the  dependence  between  the  heat^  flux,  tratisterred 


element  ot  the  porous  core  dx  the  convection 


to  wd  11  b 1 X ^ he 

current  of  liquid,  and  by  the  heat  flux,  isolated  during  condensation 

element  of  the  porous  core; 


j*fcr /on  the  surface  of  the 
\ 


Q". 

- Qm 

. n'^  ••0 

(1.94) 

p,  r/tc 

/„ 

• >!< 

dx  r.  (w. 

dx 

(1,95) 

o, 

= g (W.v\ 

(1.96, 

O'Ao. 

= !J‘ 

)K  , 

dx 

(1.97) 

pai;e 


where 


StH  ■ W.‘ 


ri.os'* 


Consequently, 

d'K 


dU  c 

. Vi-' 


dx  c'.x  c . 


(1.99) 


but  (/.r  ^ 0.  -s  ince  are  assumed 

flow  of  liquid  fei*^core,  therefore. 


the  conditioi>^f  isothermal 


d„ 


dx 


H C 


(:.!0C) 


If  this  expression  is  integrated  over  x,  then  we  will  obtain 


U.  = 


(1.10!) 


Respectively  fluid  flow  on  porous  core  in  condenser  /s 
equal  to 


/«,  = fvn{/c)  V = 


(1.102) 
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we  combine  the  equation  ot  mass  balance  and  energy,  th»*n  we 
will  obtain  the  integral  equation  of  energy  transfer  and  substance  in 


the  condenser 


ot  thermal 


/"r-’ 


V ^ f'm 


(1.103) 


where 


I - the  length  of  condenser, 


The  maximuDi  capacity  of  the  porous  core  of  i 1 1 n di  ii  i.  i i— i |i  n i am 
can  be  evaluated,  if  we  determine  flow  or  velocity  of  liquid  at  the 


saxiauB  length  of  the  condenser^ 


/„  In  this  case,  it 


0 


I 


? AG  E 3ft  ' 


and  with  r = /.Hm,x,‘  i-e.  to  f-valuate  the  capillaty  pressute  head, 

created  by  the  field  (gradient  of  capillary  forces  along  thf?  porous 

core  ct  condenser4te»p«oi-Wt.  the  length  fit  ''k.'i.x- 
- . 1 


W'i»’  h X - 0 it  is  posable  to  assune  that  tl  radius  of  curva*’ure 
of|^nteifdce  liquid  - pi^(^/a  pproaches  infinity,  since  the 

condensation  occurs  on  the  surtace  of  the  porous  body  ^ oo. 


^T^he  rainiraUB  value  of  can  be  estimated  from  experiments 

regarding  the  maximum  cap!  1 la  ry  lifting  of  liquid  in  porous 

core  against  the  force  of  gravitation 


Je 

Kirll 
• max 


(!.  :CM» 


By  knowing  integration  limits  for  R{Rx~«.  equation  (1.103) 

it  is  possible  to  solve  relative  to  />„ 


/ _ ( Y'\, 

Cs-T'nx  — I X 

\ ,'h.<  ; 


4c 


X 

,g„Rm,nK,  1 ^3'—\ 

V V , 


!/: 


n.:or,> 


the  majority  of  cases  this  expression  it  is  possible  to 
simplify  to 


U 


= 2 t/ 


ac 

Arnln 


(1. 106) 


DOC 


770401bS 


PACE 


since  value 


2?,. 


« 1. 


7'he  hea*-.  transfer  rate,  removerl  from  the  surface  of 
I I mil  I II  I I Jhiii  |iii  1 1 II I with  its  assigned  length  a.ad  thickness  of 

core,  is  determined  from  formula 


q„  = — /<:,u,„r'n=C- 

1 


— r'’n'C=  -i- 


(l.!07> 
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fhe  total  amount  of  heat,  scattered  by  condenser* 


r,  IS 


equal  ~tc 


= I q,:-c!x  - = — bL„  ^ K,a,„r'n-C  — 

* L 

(1.108) 

V L^Rmin  ; J 


2.  Dejiendence  of'  the  geometric  dimensions  of  the  porous  core  of 
the  conden se r>^NifBP»4:*»i?-  of  thermal  dw** s in  the  form  of  hollow 
cylinder  on  the  amount  of  heat,  scattered  on  wall  into  the 
environment  (boundary  conditions  of  the  2-kind  tiV  = const). 


Let  us  make  a series  of 


asstim  ptions: 


i 


I 

1 


- :.4 


PA(>K 

ni 


thp  tempcrdtut*^  ot  lijuii  in  ♦h*? 


condenser  is  cotistan^;  heat 

thermal  takes  a-w>iriii  >'6t  forced 


pot  o'ls  cor*'  of 

»-xrhanj»*  with  tli'*  wall  of 

con  vpc*^  ion; 


iled*  flow  on  external  siuface  is  cons’- ant 


Q 


2:rri:^ 


n.:o9) 


and  evenly  is  scattered  in  the  environirie  t (Fiq.  5b); 

vrtjr:i^  t 

saturated  is  condensed  on  the  internal  surface  of  the 

porous  core  of  con denser>4ni9W«feBr  (fluid  film  is  absent)  with 
constant  speed  of  0'„  = const ; 


t he^  i nterf  ace  jliq  u id  - vapor(  in  pores  is  characterized  by  radius 


of  curvature  H 
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the  motion  of  liquid  in  porous  core  obeys  the  la«  of  l?arcy#; 

flow  uniP  does  not  introduce  contribution  to  i chunqe  in  the 

momentum  of  liquid  in  porous  core. 


Pdlance  of  mass 


1ik(\)  ■ in  — /m':)' 

(l.IIO) 

im'.i)  =!’wn  f.-ir;  — .or-;  u,,^. 

('■•111) 

(1.112) 

/h<(2)  = P,„  ~ ^rl  = 

= P„,n'cr:_.or?;[f/,„,„ 

’n  = = 

(1.113) 

= P,„n  ^nr‘— .or^  d7, 

dz 

(1. 114) 

- f>U:n  [nr  - krl]  = e (c.?  _ srl'. 

(1.1 15) 

I 

t 
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According  to  the  law  of  Q<ircy^, 


= ----  d:-:\  V./]-  r.rl]  = /C,  jj^.c. 


^r,.„  = A-.  'rrr-:  - :tr?j  U„pdz  = 

Pm 

=V'''i"'  - -rj)  u,„(7,„(/e,  ( 1 . 1 17) 

— ■—''' n.T ' /•?  — rj’ ' , ( : . 1 : s) 


7^;,,  -Fn.^~  n.T  ' r,-r?  ( ^ 

, F R A-  dR  j 


d <Ul) 


(!.!20) 


-2a  - nK,a„U^dz  = p„,  ^r.  ( 1 . ! 2 1) 


energy  balance 


Qm'l)  = /V'm  = - --T^5.  U.,^„  (!.  123} 

C’r,  = /V'n  = (•'^''1  ~ (1. 124) 

dr 


, , — 

r-^-rrr- 

(1.12.') 

' (/i- 

Q^  = 

(7„2rtr,.c'7. 

(:.i23) 
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Pjiyg  )G. 


Suir.me;l  up,  we  will  obtain 


Pj!  ' nr?- nr^-‘ 


dU^ 

(iZ 


= P>.,n  :rr?-nr^ 

dz 

—7,--  p.,<  - p,„r!  f :xr;  — nr=\  x 


X-^ 


= 0, 


(1,128) 


bo.t 


d.z 


'''P*n  ' .ir5  — = 9_Onr„ 

dz 

(1.129) 

d(j' 

(1.130) 

m . 7 l<  f 

dz  r'p,„n  • 

U - z 

r'P^n.nrj-rS) 

n.!,3!) 

= ."m^  7. 

r 

(1.132) 
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Tlie  integral  f'qudtion  of  onorqy  ttansfor, 

substance  an<i  momentum  takes  the  form 


'/“‘-ft  '-It 

2(T  ^ I /y'  ,1 

/)2  * ,*  r-T* 

^ Ik  r n M« 

^,-n  0 


2<7,r'’^; 


f’m'-  rr:  — nri 


V-0 


/. 


49v*t‘-V5^ 
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If  we  substitute  the  liait^of  «te  integration  9§-  /?mtn  and  R = 
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nO 


Jz K ''” 

' ^K 


^-x 


r'  ' r:—r5; 


A(f-r-rc- 


y = 


L- 


a„-=  — AV 


V ^ 


r\  Ui 


(1.134) 


1/2 


r.!35) 


Co 


>K  = 


r'u„./<,r= 


0_..  = 


9,2.-rr,.*  = = 


-m- 


( //!“  I ^ -,2^-  / ^3 

' -7)~-  '••  - • , 

w = r'K, 


\ !/2 


‘ ■ '■  ^„.in  I 

hi. 

2 ’ 


C„  = 


i4>, 


mtn 
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■^J.ijs,  the  value  of  heat  transfer.'  rate 
extertsal  surface  of  the  condeitS€?r^ 
propert^p^f  lijuii  and  porous  core,  and  also  the  geometric  dimensions 


unit  of  the 

<7k.  the 


of  the  latter  determine#  the  necessary  .length  of  conlenser, 

ii  >\A 

with  the  assigned  cross  section,  also  the  maximum  amount  of 

liclf 

■ the  thermal  a m- 1 or  the  steam 


heat  C-inv  transferred 

chamber.  In  this  case,  it  is  assuinel  that  t ne  hca*-  removal  in  ♦'he 
zone  of  e V aporatorjAiWb^tB^^w*-  is  realized  by  the  evaporation  of  liguid 
from  pores  near  the  surface  of  core  (process  of  boiling  liguid  is 
absen  t ) . 


When  conducting  this  analysis^  it  was  assumed  that  the  thermal 
resistance  of  porous  core  in  the  zone  of  condensation^  negligibly^ 
Ji***+»  and  temperature  gradient  in  the  cross  section  of  core  can  be 
disregarded.  This  assumption  is  correc*-  when  using  in  the  ’■hetmal 
and  the  steam  chambers  of  Wm*  f porous  cores,  which 


have  high  thermal  conductivity  (for  example  in  the  form  of  2-3  layers 
of  copper  net  or  thin  layer  of  sinteceil  copper  shaving),  and  the 

liguils,  which  have  high  thermal  conductivity  (Ixguid  solium,  water), 
; ilso  when  small  specific  fluxes 


• I opie  of  the  calculation  of  condenser 


in  t he  form 


a 
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0^ 


of  hollow  cylinder.  The  assigned  parameters:  liquid 


^ ) 


e t h y 1 


alcohol;  core  - grid  aade  of 


C'J^ 


stainless  steel  cell  D,  Is  A/*r 


; 0.3  -M-'C  r,  = 20  ,<M(;  To  = 19  nn;  r’  = 

1.  112»10*o  erg/g;  a - 1R.3  erg/cg^  with  T = 70®C;  0,,,=  0.79  g/cm^; 

n = 0.7;  K,  = 6»10“^  CB*;  u,„=9,5'0"-  g/cm»s;  <7k  = 1 H/cb^. 


It  is  necessary  to  find  the  length  of  the  condenseLi 


L-. 


2jC« 


72 


<7,// 


r'  ' n — ''Gj 


10^-2.  !0-= 


!,1  ■!0‘‘-(0.39).!0-‘  I,:.0,39 

'83!  0~'' 


= 4,6 


Ke 


11/2 


3-!0 


-n-4^ 


4,62 


!,2-  :0-3.4,6 


^0,79-  :0’’-0,49  G-  ’0‘”-2,07.  lO-’’ 
= 31  CM. 
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Two-d imensiondi  model 


let  us  examine  the  model  of 
ccndenrei 


iX. 


f Idt  .jjfilirirn  porous  core  of  the 

a 

of  Mbe  thermal  liwwt  or  steam  chamber  (Fi;.  fS)  . 


Let  us  assume:  the  thickness  of  core  is  small  in  comparison  with 
the  leiujth  of  condenser,4aii^ao:*»*  (body  of  semi-bounled 

itcavtd  imonsions)  ; condenser^ay  aitar  is  separated  from 
evd  po  Cd  tor /itfbyapwiaff  by  the  adiabatic  7one  whose  lencjth  is 
considerably  <greater  than  t ht'  length  of  c onde  n ser  ; the 

local  bed*  flux,  ■«4a»te»cst^remo  ved  from  condensfcr,fSI>**«4-t.  , 

i ^ ,K  V 

var  la  b 1 pends  on  coordinate  x;  the  condensation  of 
A ^ 

vapor  occurs  on  the  surface  of  porous  core;  the  local  condensation 
rate  is  determined  by  the  rate  of  capillary  ansorption  into  porous 


d et  er  mined 


^ a 

core;  the  fluid  flow  in  capilla  ry- porous  bod  y ^1  am  ina  r^ 

by  the  law  of  Darcy#,  the  rate  of  flow  of  liquid  is  accepted  t**> 
tc 

equal  average  rate  of  flow  of  liquid  in  pores;  the  effect  of 
A 

gravitational  field  we  disregard. 


The  law  of  conservation  of  nass  in  porous  core  under  stationary 
conditions  takes  the  fora 


d.v’ 


n.l38i 


■a 


pagf 


Pounddry  conditions: 


1)  on  t h(>  internal  surface  of  porous  core 


y = 0,  P,^  = P„  -4^  -Y  > 0. 

_ Q L,  < .V  < 0, 


(1.139) 


2)  on  the  external  surfaced  y = C,  dp/dy  = 0 for  all  x;  P„ 

and  «P  P„  - the  pressure  of  li.iuid  or  the  surface  of  core  ir? 
evapoLdtoc^Uep^*9mm  and  condenset,#€*f»c»^^  of  thermal 


Pressure  <t^fc;p*ir-  above  the  surface  of  the  condenser A»#irftor 
«f  P„  is  constant.  P ressure^fil^f^  in  r in  f nri  t nijja^pui  j ij  i can  ♦•urn 
out  to  be  variable,  especially  if  the  process  of  evaporation  is 


realized  from  the  zone  of  sinking. 


I 


»0  PAGE 

In  this  analysis  this  wn  disteqard,  sincp  the 

condo  nseTi^fi*fMM4>u  and  ovapoi  ator^M  pnriiTaa  aie  divi]->i  by  th^ 
adiabatic  zone  of  sufficient  extent.  We  will  consider  *-hat  pressure 

Miaiba^etaiL  in  eva  por  a tor,/i— 'yn»it>  r,  c oust  a nt  n ^nd  equal  the  average 

A 

value  cf  t#e  pressure  «4  ' 


the  solution  to  ejuation  (1.138)  with  boundary  conditions 
(1.13  9)  ta)^es  form  [83] 


V-'', ..(•'■)  0)  = 


C 


;V?  tm) 


X 


V 2 cos  ^fl/2) 


X = 


!C0S/I(\  (J)'  — COS/!U;'/2 

.T.r  rL, 

~C'  ' °^~C~  ’ 


where  H (a)  - first-order  coaplete  elliptic  integral  with 
■otek^^mod ul us  a.  As  can  be  seen  from  equation  (1.193),  rate  change 
near  x = 0 occurs  according  to  the  law  of 


Gc  enera  1 


fluid  flow  through  the  porous  core 


U = J (^)  Mx  = X 

0 2u,,. 


•X 


My  1 

M (a) 


(I.I4I) 


I 
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If  a > S,  then  a good  approximation  of  equation  (1.140)  iafr  will 


be 


T K ' P — P* ' ’ 

f ,x\  = \ . ___  X 

4 C ,u,„  ,VJ  (-/)  ^ 

X (t'xp  X — ■. 


(!.H2) 


As  can  bo  soon  fro«  (1.142),  with  x > c,  the  rate  of  tho  motion  of 
d»e  liquid  <si-  U^{x)  decreases  according  to  the  law  oxp  (-X/2). 

It  one  assumes  that  the  amount  of  heat,  tiansforroi  a long 
is  equal  to  ^he  pro  luct  of  fluid  flow  twpeat  of  vapor  iza^- ion,  ’•her 


-T  fi  r'l'Kt  — P ^ 

0 = / r'  = — - ■ -y 

■*  4 f^O 


(1. 1 43} 


with  when  a ^ 1. 


From  equation  (1.143)  the  velocity^  W defined  as 

Ij  ==  _'?_^ex-X (U44) 


-.4 


PACK 


Wear  exchange  in  the  porous  core  of  condenser^ 

« 

equation  of  thormal  conductivity  takes  the  form 


n.H5) 


The  boundary  conditions; 


with  y = 0 

. dT 


* ff  /^'L 

WM?  .t>0, 


__0  &. 


with  y = C 


r = r„  ^ .V  > 0. 
n A 

= 0 .f  < 0. 


(I.!46) 


liC_. 


Th. 

(1.  146) 

where  X 


PAGE 

glc 


? solution  to  equation  (1.145)  with  boundary  conditions 
we  will  search  for  in  d i me  nsion  loss  fora 

e(X,  V'}  = (/;VQ)  - T2.  (1-H7) 


and  Y - dimensionless  coordinates, 
X 


n.v 

~C 


X = ill 

C ’ 


-^==/(.v)  = _(cxpx— 1)"'/*.  (1.148) 


I 

I 


Jhe  mixed  boundary  conditions.  Let  us  make  convolution  by  the 
conformal  conversion  of  the  unbounded  medium  into  ‘■hat  which  was 
semi-bounded  with  the  aid  of  substitution 

s'n  ^ = exp  e, 


where  z = X ♦ iT,  * = * — 


thus,  boundar  y-value  problem  for  an  = 9 (X,  Y)  is  reduced 


to 


cm 

f:>v 


Or 


= 0. 

5 =: , Pt  = 0 


(LldO) 


> 0. 


P = 0,  = 0 jByi* — < I < 

Ov  2 2 


= ' 2 cos /I  (p/2)  ^ 


.T  COS  hr\ 


t)  > 0. 


o 
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solution  we  obtain  by  cosine  Fourier  tcansfora.  If 


S(l,  k)=  ~ I*  0{|,  X])  coslvdv, 


then  equation  ( 1.  1 U9)  otopg 


.L  _ = 0 


(I.’oO) 


Patyr'TjT^ 


with  boundary  conditions 


0 = 0, 


<90  , 

IT'  ’/ 


cos  h ■ ),  — 

^ 2 1 
cos /in 


(!.15I) 


- ;4 


PAGE  JPf 


In  the  final  foca 


e(.,  ,)  = -V  V r : - ^ 


n- 

r- 


X , (-  T cos  ' m 


s'.n  ' m — 


\ / 


V 2 ; l_  ' ' V 2 ; 


— ; cos  -!-  -1-] 
V 2 


' / , 1 \ 1 

exD  — I m ! Ti  ' 

^ 2 / .: 
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T 

In  ord-^r  f o pass  to  X and  Y,  is  conv^^ni^nt  to  usp  formulas 

K 


ox-'  2a'  = s'n"  ; '•-  s:n  /’-n, 
• " V'  = i /’T]. 


the  zone  of  condensation. 


For  Y = ir/2,  —Q  equation  (1.154)  is  reduced  to  form 


4-\ix 


X "7J- 


(l.lSo) 


where  ^ = sin /i'»  exp  .r. 


S^^ries  (1.155)  takmi/  conver'je  for  all  n,  including  ’1=0,  (x 
•)  , wher<^  is  obtained  value  ,1.664. 


to 


The  tenperature  in  the  adiabatic  zone  of  core  (Fig.  7b)  is  equal 


7(— oo.  !i)  = T„  O,.!?!  — (1.156) 


i 


6 e 


0 /'C^^^fMCCTCp 


Fiq.  7.  IsothpcBis  and  adiabatic  cucves  in  porous  con*  in  the  zone  of 
condensation  (a):  1 - isothern;  2 - adiabatic  curve;  the  temfiorature 
in  the  adiabatic  zone  of  core  (b) : 1 - the  tenperature  of  the  surface 

of  core;  2 - the  tenperature  in  the  niddle  zone  of  core. 

(1).  Adiabatic  zone.  (2).  Condenser, 


Ke  v: 
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Facjes  44-77. 
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4.  Cdlrula*ion  of  f tie  process  of  heat  transfer  in  ♦'he  ‘•herwal  -4  not  or 


Hrr"stea,n  chairber  in  the  presence  of  the  boundary  con.ii^^ions  of  the 

i.  1 \ 

1st  kind  ex^-ernal  surface. 


Let  on  the  external  surface  of  ^he  evaporator. 


r t 'O.  \ i\  t^  \ t ,, 


t ebf  •><  t 

thermal  be  ft 


external  surface  of  the  condenser/ 


temperature  w4  , and  on  the 


tetnner at  ure 


«f"  T,  - It  is  necessary  to  determine  the  heat  flux,  transferred 
t u/>t 

alonq  4urt . 


Figure  6 shows  .t+re  diagram  of  the  core  of  therm, il  d tir ♦ . Let  us 


Lci-  --  771',OJJ( 


PAliF  ^ 

q!/ 


dSsumF  that  -yt?  that  hoit  is  tiansferrol  through  the 

rh' 

porous  core  to  wall  by  Beans  of  thermal  conductivity;  then 


T.. 


r)H) 


r ^ ^ 

‘ PPC [ K 

A,;.'  'c 

r • »f  <T"  f - K 

■ 1-  j*'  If 


(!.;59' 


r 'r,n\ 


If  we  use  the  results  [63],  then  fluid  flow 
of  thermal  ^ uot  can  be  found  in  the  form 


alof'X 
j»n  tn  e 


» porous  core 


o hK  I \P  ^ 


r u 


..  I . — a- 


(i.’.e:) 


ch  (o;2^ 


!i(  /•'  0'.''  'ch{X  — c}  — choy'’ 

(:'.:g2) 

\p  — p" p" 

^ X ‘ H* 


X 


■t.r 


a = , -rt  = tR  /i  (a,!2). 

2C 


F»e  /?  > 5 


rj  (A  ~ ^ 


M AP„ 


1 


y.  (Ct)  ) L'.Xp  .Y  — 1 

(1.:g3) 


where  a » 1;  H (a)  is  first-order  complete  elliptic  integral  with 


•e4ele/mod  ulus  a 
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Pa<je  a'). 

Thp  marimuni  amount  of  heat^  transteried  dlcnq  *hernial  d no  * 
duiiri]  tht*  evapocation  of  liquid  from  t hp  surfarp  of  porous  corp^-  can 

be  found  from  formula 

• ( ! . ' G‘I ) 


-x*^is  dot  pr  mined  from  formula  ( 1 . 1 b 1 ) , when  A/’ 


2a 


i i <- 

The  unknown  amount  of  heat^  transferred  along  thermal  -dur*"  in 
the  presence  of  tiw»  constant  temperature  7^  on  ♦■he  external 

surface  of  e vapora  t or  / vafrori  b«'  i and  7^  on  the  external  surface  of 
condenser/c.a  pac  i L can  be  obtaineil,  according  to  molecular-kinetic 
theory,  in  the  form 


Q = \r'  = r'/n  1/ 


/-'*  (T 


Mar)’ 


G"' 


But  in  this  formula  the  coefficient  of  evaporation  A to  us  is 
unknown,  it  can  change  over  wide  limits  depending  on  the  properties 
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then  the  eh*  In'^ror.  o±  O'C  will  not  contain  the  coofficLont  ot 

^ ^mriT 

cvd^oratiun  A 


g ^ W 7^.1  , 

Qniai  ' 7 ,,  ,,  (/  iijc  ) 


(!.;07) 


Knowinq  the  values  of  and  T«  , we  find  . If  we  calculate 

gmaT  according  to  formula  (1.166),  then  it  is  possible  taking  into 

account  (1.167)  to  find  knowing  the  value  ot  and  7",'„"c 


C(;C 
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PAC.  K 


Thf*  value  of 


is  (let er B ined  with  the  aid  of  the 


Zc 


caarw/'jcaph  of  the  dependerce  cf  Qn,„  on 

a i 

or  Qmax  on  7i  w-rrh  different  7^  in  fcr.nula 


<ri*-ti  different  7^ 


Q - Q 


P*  (T  > 
_ 

/•’*  it:':;'} 


M.’.GS' 


This  analysis  is  valid  when  0 i-*^  always  less  than  t±E  Qmat 
Page  4h. 

Chapter  2. 

T ut^e'^ 

STUDY  OF  PPOCESSES  HEAT-  AKD  MASS  EXCHANGE  IN  THERMAL  -DUCT*!. 

1.  Deteru in  a t io n of  capillary  pressure  head,  permeability  and 
porosity  of  capil lar y- porous  bodies  during  the  motion  of  liquid  along 
pore  s . 


I 

I 
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I 

For  ^ ho  stilly  of  ptocosscs  hf-it-  and  -S'  mass  oxchari}-*  in 

V II 

ca  pi  1 Id  r y- poro  ur.  hoa^  oxchanqpis  with  ♦■ho  orosonce  ot  phase 
r a ns  i t ion  aios'>  tno  need  toi  select  inq  th,^  appropriate  rlasr  of 
tatoiidls  and  conduct inq  detailed  i n ves t iqa t i cn  alonq  with 
t he  r a O'ph  y sica  1 to**"-  hydrodynamic  and  structural  ch  ar  act  or  is  t ics  of 
spcci  raen^+ea-^fos. 


s-n.|ea*  -t-hr-  •■ransport  properties  of  capillary-porous  holies^  is 

implied  permeability  K and  tht  capillary  pressure  head  ‘yt—  f iia-  \P’. 

w'r;ich  can  be  also  expressed  by  the  maxiinum  a 1 t i tti4^  of  the  capillary 

oit  vatioi.  of  the  li  jui  1 . Knowledge  of  tlm  1 r,  r;por  t 

properties  ot  cap! 1 la ry- porous  bodies  is  necossarv  for  th? 

o j ff  1 1 O' I f .rl'< 

calculation  or  the  parameters  of  the  of  thermal  ■!  u c t ev , 

evaporitive  porous  heat  exchanyers,  con  dense  rycap  in  i • u s,  capillary 

Vxc\  V »-  ♦ c 

pumps,  e»c.  Since  tdpt*  leai  capi  1 1 ar  y- porous  todies  [ nrnin  i nd  -*■!>*< 

-i>i  c*  s 

cap-1 1 la r ie s of  different  a i d i are ii s i '•) r-g,  usually  to  evaluate 

i.  i.  k t.  i ( « p t t c-  It s V. c a -i  ce  < 4-  u. Si  > ' 4.  \ -tv  « ( o i j (1  \ vA/  V,  7 

' ' " I'i,  l.itA.  o-c  0 J - 

transpKirt  — e-a-rrtrt  K and  <xn  ,yc  hTrract  er  i st  ic  for  th^ 

l-C  r-  1. 

invest!  Jilted  material  and  determined  experimentally. 


In  the  com  p>os  i t i on  of  porous  materials^  were  ttn»  cerawie — weekly 
t.  SIP  -ter  \ ( ,1  ,tcj\  ^ 

sin  t-ey-ed  ,*»f-'pow  d‘>r , shavin-fli  wb-rewl  wire,  and  al  so  d:±mr  packaqes  of 


wire  qau7e.  As  metals  were  utilized  nickel,  stainless  stp^jp^  bronze, 

a 

titanium,  copper,  brass. 

t 


•A 
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Drtiiiioc;  mot  dl  lie  porcus  matprials,  »<tr;  i r.  t i (ja*  o ] j 

senes  of  elect  rica  I insulatois,  They  inclU'le  qliss  cloth 

ASTT-  b-S-Z  sintered  fiberglass  OS'  JU«:1  with  *he  partlUl 

and  universal  layinj  of  filament,  sintered  powder  of  ptikril,  quar*7 

a '»•*' 

sand,  fireclay  ceramics,  powder  Al^Oi. 

r- 

Page  Ul . 

The  determination  of  capillary  pressure  head  and  permea  bil  i ••  y of 
porous  bodies  was  t ea  1 d 7''*/acco  mpl  ished  durinj  the  motion  alonf  *hem 
of  a series,  of  the  liquids:  water.  Freon,  acetone,  alcohol  , qasoline 

liquid  nitrogen. 

For  the  investigation  of  the  char  act  er  ist  i cs  of  porous  material 
pointed  out  above  by  us  were  utilized  both  the  known,  lescribed  in 
Mtp-  literature  methods  and  the  method^-  developed  in  the  laboratory  o 
low  temperatures  [20]  of  lT*in  the  A.S.  of  tj,e  R.s.S.t. 

Oc  < 'V:  V ^ 

Ftom  the  investigated  by  us  et^nmic  mefal  the  best  wettability 
possessed  porous  nickel,  especially  oxidized. 


c’ t\ <? i' 

Somewhat  gu*tJ» — were  ***t-  sta  i nloss  steal,  titanium. 


coppe  t. 
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•.‘V*  T'’' 

> Ki. 

r.r.n 

i • y.'.'.'.v-'  ’ll: 
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n 1 r, 

(/'  CrCM’  " ''.'’Vl’K.'’  ’M 



-v/‘ 
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,7 
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^ ^ •Ctcx.-"  -'-;  , '■  ''■  J 

'I 
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2-1,8 

■ lo)  :*  K - 
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V.  U* ^ ^ ’'.’''T/"*  0,?  .tf.’f 
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3G 

1 i (T'P  0/V  .if.if 

70 

Key:  ( 1)  . f*ater  ial. 

(1A).  Porosity,  [7  o/o.  (2).  Sintered  nickel 

qr  ids  . ( 2d ) . tii*> 

- rft  thin  wires  to  1 cm.,  wire  size  of  — mm. 

(J).  5in*-eied  ceramics  from  nickel  shavinq.  ('^).  Diamet(>r  of  shavinq. 

(6).  Sintered  ceramics  from  steel  shaving.  (6).  Sintered  ceramics 

from  the  powder  of  nickel.  (6a).  Diameter  of  particles.  (7).  sintered 
f i her  vjl  asr.  -5^S- 1 . (d).  Cilass  clo^h  ASTT-i>-2.  ('i ) - Powder  of  nickel. 


■d. 


(10).  Powder  of  Ftdkril.  (11).  0'*artz  sand.  (12).  Powder 
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Tdi’le‘  1 shown  t h.'  porosity  of  the  us‘*R  in  oxptiii-nor.tr,  c,Tn>ot 

y \ \t,  CA  t 

m.dteridls  aiii  cloctricil  insu  I a t ors.  The  do  to  r in  i n i *■  i on  of  tho  inn'M” 
pcrosi*--/  dnil  the  i inti  ihnt  i cr.  of  pores  dccord  inq  o -aprdii'is  of 
cermet  indteridls  cotuiiicted  by  the  method  of  meroiry  porosity 

med  sii  renie  n t d^'ordinj  to  the  procedure,  described  in  r e,H  i.  Of'tj  should 

yic  . \ rt  1.  vs.-f 

i p dieat  a t,-he  -tact  that  by  us  were  investiqrtod  p.orons  m r t ri  a 1 s , 

^t-SOl  V 

possessinq  ee  n - t-ire  apparent  porosity,  equri  to  the  ratio  of 

the  volume  of  the  l-tt-t  e-q  communicate:^  with  each  cth-*r  pores  t g rpti 
total  volume  of  *:hf.  body: 

r,  >■  — P'r 


whore  V,  P,  p - volume,  t^ffe  weiqht  and  the  lonsity  of  porous  body. 

Distribution  of  pores  a-ccTbr^'inq  radius.  The  presence  in  the 

core  of  fcfl*  pores  of  drfferent  qe  onto  trie  dimensions  is  considert^d  th-* 
distributron  function  of  pores  accordin.  j to  si?,  o^  dim  ■tTT'^iTnrr.  ■ If  we 

use  the  concept  of  the  hydraulic  yiven  diameter  of  pores,  i.e.  , if  wo 
assume  that  the  pores  take  the  form  of  the  spheres  whose  volume  is 


■a 
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n (V  . V.  V H-  <a  < u 

equal  actual,  and  those  spheres  are  characterized  liy  ~nn  i i t"rTTrn~ 

diameters,  it  is  possible  to  introduce  li  ist  r i but  i on  function  -i  (r)  , 

determined  by  equation 


c'j:  — — n.' " c.'. 


where  >1  w is  d'  volume  of pores,  which  have  radii  from  i tor*  Ir; 
w - the  volume  of  all  pores,  which  have  radius  r or  ±3  qreator^r.  The 

A 

most  adequate  method  for  dotermininq  the  distribution  function  of 
pores  in  ceramic  metal  is  the  method  ot  mercury  porosity  measurement. 
rtOasurinq  the  pressure,  necessary  i-n — to  force  mercury  inside 
porous  body,  and  determining  the  volume  of  mercury  in  pores,  we  find 
*^^he  d 


curve 


d istr  ibu  t ion  of  pores  accotdinj  to  ap  radius. 


lA,  f CtiJi 

When  nonwettinq  liquid,  such,  as  mercury,  is  -i  nde  r » ■'»d  into 


pores,  it  forms  tiou  raeniscuses  whose  curvature  is  d'^termined  bv 

I' 

-giac^^d  ifn^nsions^-^^tr^  f o rib 


CV 

f o rm  of  pores  and  by  the  properties  of  mateiial. 


For  the  determined  size/tii  mention  of  pores,  the  accompanyinq 
external  pressure  is  determined  by  the  equation  of  lipla^^  - Younq 


AP 


= c f-L 


_I_^\ 

p,  j 


(2.2) 
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wl.Pio  AP  - « pi»*ssure  Irop  acioss 
coet  t icit-Til  of  suiface  tensioti;  R 
npcessaty  for  ♦ >l*^script  ion  ot 


c\ 

1 nf  o r face  “1 1 q ui'l  - vauor;  o is 


I anf  R; 


thf  radii  of  curvafuro 


A 


t lii  eo-  Ji  nu^ns  iona  1 sarfare  in  soaco. 


Paqp  4R. 


cA  V 

It  wp  pi  o 1 i m i na  r i ly  pump  out  qas  from  A+<>irr  coir,  and  r h“n 


'v.*?  vr\ 


liquid,  P AP  wh»n  the  partial  vapor  pressure  of  liquid  is 

sma  1 1 - 


V- 


Undoulit  ed  1 y , rf*al  and  Hrr~  s i z e/d  lao  ns  lonn  of  poros  are 


a ^ i 

dxgtjm  from  spherical  or  cylindrical;  however,  fiequently  -Mr^-y  use<»- 

the  equivalent  radius  of  pores,  which  is  defined  as 

,S 


= 9 


(2.31 


defined  as 


DOC  = 7 70  SO  160  PA  OF 

/d  ^ 


whore  S i r.  4 cross-;;ocT  ional  area  ot  poro;  L - the  porimeter  of  por»^ 

rj.  - PS.  (2A) 

- the  force  ot  surface  tension  per  unit  of  length  of 

i nte  r face ; 

A 

H 

O - the  atijle  ot  contact  liquid  - solid. 

r 

0 cr’Nt'  >(\i.  1 

-itii  itl  riq  the  given  equations,  we  obtain 

Pr  ‘2f  cf'<  Cl,  fo  Q 

For  constant  values  of  surface  tension  and  angle  of  wetting,  this 
equation  directly  connects  ■«  radius  of  fores  r with  pressure  p, 
necessary  tor  the  extrusion  of  the  nonwetting  liquid  into  the  porous 
Bed iu  B. 


I 


L'OC 


770^01^') 


PAGK  !>'' 


In  ,i  i f f >-*i  f nt  i ci  1 t orm  equation  (?.')  «.  m b*  presented  as 

'dr>  !'■'  (2,7) 

Combination  of  equations  an -1  (/’.7)  jive^  expression 

tor  fle+ermininj  the  ,1  istr  ibuti  on  function  of  pore;-,  accordinq  to  -a 
radius 

/ - dV 

'i/r't . — . /2..S) 

2o  C'v;  (IP 


For  d '"*♦  p r ain  i n j it  (r)  it  is  necessary  *o  measure  ? and  V.  Attor 

ra 1 cu 1 a t i n u a (t),  according  to  formula  (2-rt)  we  can  find  r,  knowing 

u_tV  ' \ ^ V 

a ir.d  angle  »t  O . For  mercury  a = 47d  dyn/cm  U 20'’C,  a-md  * he 

ai 

anjle  trt  (for  metals).  The  derivative  ilV/d?  cin  bo  found 

f I on  ttM  c»ir  ve/i)i  a irii  of  dependence  of  F on  V. 


Fade  SO. 


From  equition  (2.6)  is  located  the  diameter  of  por»s 


D = - 


A<y  cos  O 


(2.9) 


i 
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Fiequ«ntly  ins^.f.iO  of  the*  hyciitiulic  fiante^’pr  of  p<)ies,  •h»-'‘y  iir.o  ♦■he 
'iiairetei  of  port's  in  the  form  of  the-  meOian  . !♦  is  0'>f  in*^0  as 

the  h-  f ' - Mi*-  dimension  of  pore,  when  50c/o  of  por»  xT  is  fill*^1  by 
li quid  . 

Pd^io  of  the  flow  area  of  the  ports  of  poioiis  rote  to 
coBMitoe/qe  rinr^i/  tot  a 1 cross  section.  Th^  ra*-io  cf  flow  area  to  the 

cvcrall  ctoss-sect iona 1 area  of  porous  body  is  defined  as 

F ^ . <2. 


In  this  case,  it  is  assumed  — lee- that  the  body 

the  s i7t^^^4-Mrw»rr«-OTrs  of  pore^  rh ich  moves 

substantially  less  than  the  s ize/d  i nw  nsi  ottT  of 


is  isot  r op ic  a n 1 
the  liquid,  I'j 
bo  (1  y . 


t h a* 
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Lo»  ur  f'xamino  porous  I o4  y in  thr  form  ot  fceai*  with  a 
in  ciir*^rtion  x t h<-  cross-sec*^  iona  1 area  of  in 

rprndiculai  x. 


l^nq^^h  of 
d ir pct ion. 


\ < \C-^ 

Ft  OP  ^-qiiation  (2.  10)  t.h*^  area  of  pores  is  lof*>»r *d  as 

fS.r....  ^2.;!' 


The  » o»  j 1 volMse  of  body  c an 


. r«  N 

bo ( pi  os  f nred 


in  ^ he  fotp 


V 

' T^.Ta 


X, 


(2.12) 


4t  i-^T^nal  oqous/u  , 


DOT 


770S01fi5 


?^C,Z  it  ' 

//^ 


Tht’n  poronit  y 


rs„,„cix 


S^r.rAx 
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rf  VO  conuilHr  ^hdt  thf*  porRs  arc  dist  t i hu  tcJ  evenly  throughout 
porous  ood  y and  their  s ize^il4«f'iiyl  oiis  are  negligibly  small  in 
ccwpatisoi*  with  the  si  ze^d]  neiisioirs  of  tody,  then  it  is  possible  to 
assume  that  the  ratio  of  the  flow  area  of  pores  to  the 

<o««on/genera^l/tot  al  cross  section  F,  i.e.,  surface  porosity,  will  be 

tty 

Ciua.1  /OT»i<»t^iC  p o r t ^ 


r '!. 


■a 
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Nonst  a t i oil -1 L y method  of  complrx  defoi  n ina‘ i on  of  porosity, 

Cdpillary  pressure  heid  and  pe  i m<-*a  ti  i 1 i t y of  lirlec+^ric  riorous  bodies. 
For  thf  in  ves»- iijd*  i on  ol  the  hydrodynamic  and  struc*-ural  proper*-ies 
of  nonme^allic  cap  i 1 la  ry- porous  bodies  by  ns  was  d>'veLopej  the 

U-  1 \ tiuo  1 

ttn  steady  mpThod,  base!  on  rtcoiaii.ij  thf  fields  of  the  concentra*”  ion 
of  liquid  and  velocity  of  its  absorption  in  porous  body  aqainst 
gravitational  forces.  This  method  makes  it  possibl-^  to  define  ‘he 
foilowinq  pa ramete r s: 


i(t)  and  the  distribution  of  pores 


ra  1 i us  d w/d  r ; 


n 


h)  the  n-itm  m nrr-f  qe  n a 1 / 1 ot  a 1 porosity 


c)  the  maximum  alt  it  ude  of  the  capillary  elevation  at-  a4r>  aa ; 


d)  effective  permeability  as  function  of  the  concentf a* ion  of 
the  liquid  ■ ; 


e)  the  ot»«»pon/.^tt-««f  aly  t ot  al  permeability  K of  porous  body. 


poc 
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t ht‘  Kint^tics  of  tho  .i  bsor  pt  j on  ot  lii]ui<l  I'liinst 
j V 1 1 >1 » i or  d 1 fotco;-;^  one  ::hou]d  to  inderstinl  ‘■ho  iloponioncre  of  tho 
1 i 1 1 1 of  conc»'nt  r j t ion  ot  1 i<iu  i’  in  foro'is  spor  iTen/Tr)  m pla,  on  *■  i nio  ;:tt 
U(*  •t)  ' ■ xp'^r  i rat  I r a 1 study  ot  *■  h<  kino<-ios  of  ibsorption, 

was  util'i/el  *he  ■lectrical  ca  pac  1 1 a nco  rnnthoi  o'"  ra ->  i s ui  eraon  t of 


the  lo<'ai  r once  n t L a *■  i on  s of  liuuiif  f b7  1 by  noiijfit  ot  speci  gor./-ea  !'ipl> 


» -Cv 


int:«  process  ot  its  a h sor  p t i or. . Pu  ndniwr  nta  ion  .^ia^lara^/ls 


\hi 


LV 


represen^ed  in  Fit.  Ha-  The  co  neon  1 1 a 1 1 cn  of  lijuil  in  tirsi  poious 

core^  mar.  u f act  ui  e J from  jlass  clotti  and  .at  tan  (j>‘/if>Ortted  ver’-ically, 

c ..  > 'o  f r ( c tv 

iids  raeasuted  with  the  aid  of  18  c i j 1 1 rfv* 1 1 .'-e r /c a p a c i o r .s.  T.he 

y j. c'  < d 
plate  OT  dll  cdpdcitots  was  the  metallic  cylindei  *~n  which  w is  coiled 

the  >gldst:  cloth.  The  wire  rings,  which  fix  tatitic,  siraul*- a noon  si  v 

wi  I*  as 

-#e-f^  tjje  second  plates  ot  capacitors.  This  torm  of  porous 
speci  rat  n/i>^  wp-le  is  analogous  to  the  toim  of  the  cores  of  thermal 
tubes;  therefoie  procedure  makes  it  possible  to  determine  lirec^ly 
the  properties  ot  these  cores,  without  iestroying  t'  ^m. 


Page  52- 


i 


The  kinetics  of  the  absoiptior*  of  water  by  capil  lary- porous  core 

from  glass  cloth  ASTT-b-2  (7  layers,  1 mni)  , measured  by  this 
I.V'/  js  ca\  'o ' 

1 nfrt 4 1 , is  given  in  Fig.  8b  and  10. 


c> 

From  the  curve'f*  cortesponding  t o jt-r-f  oi  I/pr  of  i le^on  centration 


I 
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PACK 


of  liqtlii,  x»4r  completion  of  t hr  prncrosr;  of  the  absorption  of 
(Fi'j.  flb)  , after  convortinq  accorriinq  tc  formula 


'J  >h  ', 


* r 


wo  obtair.  *■  he  inteqcal  anil  i i 1 1 rro  nt  ia  1 1 i r i b u*  i on  s of  pores  in 
capi  1 lary- porous  core  (Kiq.  ^)  . From  them  i<-  is  possible  »q  obtain 
information  abo'it  a rainimum  railius  of  he  fcrej-«^  = 

2d.U^im  an>l  the  aar**nrnV  niea  n ct  pre.lc  mi  nan  t radius  o^  = 30pir 

and  -rrt — Mre  porosity  H = bJo/o. 

Thf  maximum  a 1 » i of  capillary  absoipticn,  le*’ ei  m i ned 

experimentally  from  the  i if  ff^rl/pi  of  i le  of  the  concent  r at  i on  of 

liqui  1,  was  equal  to  52  cm. 


I 
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Page  53. 


Fi(}ure  10  'It'picts  tho  kinetics  the  tront  of  the  absorption  of 

water  ir.  porous  apt^ci wen/saapie  and  thr  de[endfnce  of  the  velocity  of 

o 1 \ 

the  met  ion  of  front  he  igh  t/a  1»  itaa4-a».  It  shctild  be  PDted  that  t h" 

graphic  dependence  'J  = f (1/h)  it  is  not  [lossiHe  to  approximate  by 

the  straight  line  which  usually  is  utilized  for  determininj  the 
-V  >e  1 1<\  it 


maximum  a-i-ti  ♦ ifde  jf  absorption.  This  is  the  conse  luenc?  of  *h?  fact 
that  t-h*+  porous  specin  err)'«aT7rpi-trs  made  of  olass  cloth  <_ 

semi-capillary  structure. 


The  kinetics  of  the  absorption  of  liquii  in  porous  body  against 
the  forces  of  gravitation  makes  it  possible  to  determine  under 

unsteady  conditions  the  effective  or  dynamic  permeability 

A'.-mii  which  characterizes  the  permeability  of  tha’-  pai*-  of  the 

a. 

capillaries  which  a bsorhi  1 i gu  id  at  hkm  given  instmt  ^t  base 

since  in  this  case  the  discussion  concerns  absorption, 

uwdg r concept  dynamic  penetrability  one  should  understand 

tji)'  '--'V,\eVs 

permeability  only  -^-rr  that  Mtt*  s t op^  of  ca  p i 11a  i ies,  that-  at  this 

torgue/a  ocp  n t participates  in  ♦hr  f or  wa  t i on/e  dii  nation-  of  the  front  of 

impregr.at  ion . 
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Pig.  0.  Integral  (1)  and  differential  (2)  distribution  of  pores  in 
♦he  capillary-porous  core  of  thermal  tube. 


Page  S4. 

on  the  other  hand,  Jtinrr*-  is^^certain  modification  oi  the 

coefficient  of  yt*  capillary  conductivity  of  t=i*«-  •/  , which  >nterr, 

the  flow  equation  during  free  absorp*-ion  fha] 


^ Utili2ing  law  of  Darcy,  it  is  possible  to  obtain  the  flow 
equation  during  free  absorption  in  the  form 


2 a cos  H 


— /i 


^ nil« 


a 
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whcce  the  cooffi-ion» 


it 


I e_ 

is  fr-mr  function  of 


h o i q h ♦ /-♦  +'*^'t-tr}  ^ 


h , 


{ t 

The  d ppl  ica  t i on/+i-*e  of  a law  of  Darcy  cur  case  is  qus*-itiel 

rK""‘ 

ty  the  t ict  that  in  literature  is  inforinaticn  about  th“ 

applicability  of.  this  law  for  unsteady  processes  [70].  Since  wi»:h  an 
V V \ G i \ V 

increase  in  of  s pec i mt  decreases  _a  radius  of  t-h=- 

pulling  capillaries  and  their  (^xart  ion/fract  ion  also 

c - -1^  ■<' 

changed,  according  to  the  ri  ist  r ilni  t i cn  of  pores  a-nee^,)  — *-ta-  radii, 

the  dependence -4*4?  can  have  several  maKimuiis. 

cv^ 

Figure  11  qive.s  section  of  this  curve  for  oui  porous 

' sped  !nen/i.*t*fT+e. 
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Fig.  10.  The  kinetics  of  the  front  of  impregnation  in  core  u = f (h) 

(tfc*.  curve  1)  and  the  dependence  of  the  velocity  of  the  motion  of 
L o 

fiont.  he  i ] hr.  i-»  ed-e-  (rs'  curve  2)  - 

Key:  (1).  ca/s.  (2).  t,  min. 

Page  55. 

The  integral  permeability  of  sp  ec  imen/aTap  !*■  can  be  obtained  by 
the  graphicad  integration  of  the  dependence  jtrf  for  formula 
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This  inte^gral  pern  eabi  lit  y K (r),  whosp  section  is  qivpn  in  Fiq.  11, 
must  hdv«'  a torm,  inaloqous  of  thp  integral  distribution  curvp  of 
{.ores  to  radii,  i.e.,  for  iFff  '-‘-r,,,;,,  » * ''hero  K - 

is  the  ♦■otal  pe  rnie  a hi  1 i ty  of  specin-^n/aanplo. 

In  foraula  (2-  18)  enters  radius  r,  which  is  unaabi  guo  usl  y 

tA'<  1^ 

connected  a-t-  the  velocity  of  the  motion  of  the  front  of  absorption, 

( ;-.ttc 

i.e.,  this  f radius  of  that  tdrr*  stop*  of  the  capillaries  which  form 
the  front  of  absorption.  Gr  aph  i ca  1 1 y.;  t he  dependence  of  this  ra  i i us  of 
cipillarie.s  on  the  he  iqht/a  H-j-torfe  of  front  is  given  in  Fiq.  12a 
(curve  2),  for  calc'ilation  of  which  were  utilized  the  curves  of  the 
Kinetics  of  absorption  in  coordinates  tj  ()i)  /t  (see  Fig.  8b).  On  each 
w 1 p-te  ll/prof  i le  of  the  concent  rat  ion  of  lijuid,  which  corresponds  to 
the  defined  point  in  time,  amount  of  1 i (u  i i at  the  level  of  the  front 
of  impregnation  can  be  approximated  as  certain  finite  quantity  of 
concentration. 


Piq.  11.  Dependence  of  dynaaic  peraeability  (1) 
dependence  of  inteqral  permeability  (2)  K = f (r)  . 


/C,, and  the 
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By  utilizin'^  ciirv«^  of  the  li  i s 1 1 ih>i  t i or  of  nore.s  and  h<^ 

final  1 list  antari  eou  s values  of  t h“  r once  nr  r j r i or  of  rne  li  jnf  ] of 

I ^ /»ir  r» 

enuir.ei  ited  above,  it  is  possible  co"ipa  i at  i ve  ly  sirply  ‘o 

4 K*^ 

determine  a radius  of  the  capillaries  which  contain  ILqui!  in  •'ht> 

amount,  which  corresponds  t©  this  instantaneous  value  ot 

concentration.  This  characteristic,  presented  in  Fin.  12a  ^ (curve 

O ^ DC  <-  ^ 

1)  , i s\ i nterest  in  j 'even  thnrehy-.in  that  it  irakes  it  possible  to  ■judqo 
the  value  of  the  anqle  of  wettinij  diirinq  absorption. 


In  ttF**'  literature  there  is 

absorption  the  dynamic  angle  of 

cf  an  jle  increases.  In  f 7 3 ■) , it 
o— 

str  d ig  ht  line,  analogous  to 


da*  a 172]  about  the  fact  that  w4-*-h— ta^ 
wetting  decreases,  i.e.,  the  cosine 
is  said  that  dependence  cos  (h)  is 
straight  line,  given  Fig.  12b  -pr 


(curve  2)  . 
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Fig.  12.  Deppndencp  of  radius  of  the  capillaries,  forminq  the  front 
of  im  pre  j na  t ion , on  hei<;ht/alt  i-t-ntir*  (a)  : 1 - experimental;  2 - 
theoretical;  -^^chanje  of  the  dynamic  amjle  of  we^-^ing  in  capillary 

11*  i3<-  c\'a-  \ V ' ‘ff  ^ 

P ^5  r u s neig'ii  t /alt  it  u de  (h):  1 - [20];  2 - F71]. 


« 
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In  this  work  Jurinq  t h c.i  1 on  la  t io  is  utilizor^  t ho  siiplifiel 

f'-  'i  \ ti' 

‘^qua^ion  of  ffavJ-y«s  - S’^ok^s  foi  capillaries  in  tii.^  torir 

A'lli  t!!i 

co<;  0 = — ■---  . L"  ''"'-  . rj.  ’n\ 

rn  '^<T 


In  this  e X [>r f'.s.s ion  is  a minimun)  rariius  of  the  pores  ^ r,,,!,. 

0-^ 

In  actuality,  radii  tr+re  stop^ot  the  capillaries^  which  oarticipate  in 
the  format  ioti/educat  ion  of  the  front  of  i tn  f teq  nat  ion , are  charnpod, 
which  is  shown  I'ip.  12b  (t*  curve  1)  for  cos  0 (h)  . This  dependence 
can  be  €!xplained  by  the  fact,  that  the  porous  body  has  pores  of  uuite 
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cliff^^tent  r.  17p/t1  i iiif  i i,t  rrn.  For  the  capillaries  \ lari‘s  ra-iius,  h<- 
velocity  of  a iisor  p t ion  i-s  sufficiently  j^oat,  a n'l  t h«  hoi^ht  of 

' 7'  ■ 

absorption  is  sn>dll;  therefore,  a*"  the  irotnent  of  absorpt  ioiy  men  isc  uses 
in  the  capilliries^  formin^j  the  front  of  i mpretjnat  ior^  will  be  ±r^ 
t«u  >11  1-rt  close  to  stitic. 


For  .let(>Lii\  in  i nq  ami  \”  , besides  rl'*ctrical  capacitance 

methol,  by  us  widely  were  utilized  ♦he  methcd  of  /-ridiition,  ^ h« 
method  of  litmus  pi[>er  slips,  the  method  of  elpctrical  renis*-ance  eni 
the  methol  of  t-4re-  break''if  liquid  column.  Tne  a pp  1 ici  b i 1 1 1 y of  one 


method  oL  tlie  other 


V f V<  (c 


— 1+y  the  special 


feat  it"  o f ^^ca  p i I 1 d r y- por  ous  body  ind  Irjuil.  flo,  a-- 

method  of  litmus  paper  slips  ard-a  method  of  ti^e  btean  of  liquid 
column  ift  conveniently  utilized  for  deter  mi  ninq  ^ and  \/’  of 

metallic  porous  materials. 


when  usinq  "3  method  of  litmus  paper  slips  ff  ] and  ot  t-be  breaki.v^ 


of  liquid  colum.n  [71]  tor  detcrmininq 


and  \! , 0 ut  1 1 i zed 


the  known  formulas,  published  in  'tti-o  literature.  The  effective  motive 
power  -ftc  rw»  liquid  in  ca[illaiy  is  equal  to 


,\P,  ..  - 


\t  ^•QC.  I) 
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\Pii  — 'T/.v  n. 


(2.2'.) 


Foice  ot  fciction,  which  has  pffec*-  iurincj  aot-ion  of  liquid 

d 1 cii-7  cd  pi  1 1 a I y 


T|1  V.I 

K‘  \S* 


(2.22) 


Paqp  SH- 


(v^r 

Undor  s^^ationary  conditions  the  oiaximun  fluid  flow  for  the 

cap i 1 Idi  ins  'U*'  .....T  , the  pressure  of  liquid  hocause  of  capillary 

forces  is  balanced  by  force  of  friction  and  by  qravitition 


2 c')^  P'T 


(2.23) 


j whrro  ‘ - ci'>Sfc.-s<>ct  iot  d 1 area  cf  the  porf^s,  tillol  hv  liquid. 


In  this  expreiision  unknowns  are  the  and  If.  Tt  is  assunied 

that  tliP  anjle  of  w»>ttinq  0 we  know.  Usually  it  is  close  to  T.  Tf  it 

x d > c 

d i 1 1 e Ls  ■ f r om  zt^ro,  then  is  known  en  cos  /'  . As  a rule, 

the  properties  of  liquid  are  known,  distance  x is  assiqnel,  an i the 

V Vi  t 

flow  of  is  letetmined  experinenta  1 ly . The  maximum  of 

(V  ' ' •''t  > S I . Cv  . \ 

the  capillary  -of  we  determine  in  tfe**  ttmosphero  of 

saturated  pa-i-r  or  in  ti^^  atmosphere  of  air. 


perous  core  af  can 


(2.2-1) 


1 

I 


li 


Atf*  effective  radius  of  ti^e  pores  of  the 
te  dettrmined  liy  formula  (2-20) 
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Thf  ncBin-ii  t-i'liun  t)t  the  pores  of  core  is  Je  tf  r.n  i ne-1  with  t h •>  of 

iricroscope.  Usually  it  is  less  than  the  effective  iian'etpr  of  pores. 

Tt  must  be  noterl  that  when  usiiij  qrids  as  capillary  cores^t^e 
capillary  forces  act  ejually  both  on  the  horizontal  and  on  vertical 
1 i nef . 


. I ‘ 

In  Tat)]e  p.,obtained  by  us  data  are  compared  with  ilatj  on  A/V  / 
published  in  literature. 


. t-  , 

One  should  ; tTTfTrTrm  - -trlre"  i r,  ter  est  i n^j  s-per  rat — fe>it‘it-Hypecu  1 rarity 

of  the  kinetics  of  the  absorption  of  polar  liquils  in  porous 

t i co."fr  1. 1 ) (V 

dielectrics  dutin<j  the  j iwronit  lun  of^DC  field.  Wo  have  recoiled  the 

considerable  intensification  of  the  process  of  the  absorption  of 

i)L(y)  I ' C i‘  1/co  ex,  I U.'  ^ 

ethanol  in  porous  Rtakril  durinq  the  i-*-f:ofcitia»p  of  elactric  field 
iniepu  ty/ strength^!  kV/cm  f 6(>  ■]. 
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D*  IT  iru*’ ion  ot  p^r  aioabi  1 !<■  y K of  porous  f o1i(*s. 


(Ti’O  « l (4^ 

Pf* r !H‘^d I)  1 1 1 1 y can  bo  d pt  *'i  di i noii  by  ’■ho  t orcn’  anrow  di**  of 
liquii  throujh  t bo  poi  ous  f'ody  un<)*»r  t f>.^*  action  of  prossuro  qradipr.t 

by  flew  ot  lijuil  unl*i  tlip  i of  ion  of  gr  a v i *•  1 1 i nna  1 fiol'i. 


Fagp  59. 

— O ‘ ‘ 'j  o c Vci  iiTi 

♦tip  forcpi  -ti-  of  t-Jr'*-  liquid  throujh  ♦'hp  porous  liody, 

it  is  insiilafpcl  from  t ho  environment  by  lorot  iorr  into  airtight 

chamber.  We  have  ur.ol  both  procedures  for  letermining  per  m ea  b i 1 y K 
of  a s*'r  ios  of  porous  materials.  In  the  first  version  the  lijuid  is 
^Ei  ifair  ary  und“r  pressure  through  the  s pec  i me  n /sample  and  is  measured 
the  pressure  differential  along  the  path  of  motion  of  liquid. 


Suef.  experiments  are  justified  for  the  thick  porous  cores  whop 

the  — u4-  wall  effect  can  fe  disregarded.  For  1 h i n cores, 

p I I • * V 1 - jd  O \ r:u  t L i r.  >rn  f ,,  ) 

for  example  grids,  r permeabi  lit  y according  tc  this  proco  d ur  e^-ta 

dtttarniwp — m — t-rmirp^d i e n "fcj  since  the  working  conditions  of  core  in 

in  A'-  Vt  ( ,YM»  iV.  Y 

tube  are  not  equivalent  to  the  conditiors  of  experiment  t ^-ra  rd  i ng  ■' 
permeabi 1 it  y. 


During  the  let er ra inat ion  of  permeability  one  of  the  important 
parameters  of  porous  body  is  the  s ize/d  iaetHii  ot>  of  pores.  For  example.^ 


■d 
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It  is  possirlo  to  assume*  t ha’’ 


hi;jhly  poLO'is  cores  hive  larqor 


, -U  f '-J 

{ t:r  me  ih  i 1 1 1 y , thin  low  poioii&'^^it'r.  the  irlentical  size. 


pores.  However,  it  »he  size^ 


of  pores  cf  low-porosity 


miter  idls  is  ere  jroiter  the  si  ze/ai.««rK^.loh  of  the  pores  of  hi.jhly 

■i  V . . . ' . -t 

porous  boily,  t hmi  it  cm  tint  the  pe  r mc' i b i 1 i t y of  low-porosity 

mater  id  1 will  prove  to  be  at*e^W  because  of  the  l-es-s-  value  of  *■  he 
coefficient  of  the  crookedness  or  jath. 


method  of  the  determination  of  permeability  during  flow  ot 

-C-  C'^ 

liguid  through  tb-e  porous  body  under  the  actior.  of  ttre  field  of 

gravitation  we  have  used  for  tioiP/thin  porous  cores,  since  this 


method  makes  it  possible  to  leave  the  e-xposed~  surtace  of  porous  body 
( VI  “■-'■fi/'  £1. 

land  to  iyitpport — Mee  constant  radius  of  c-urvature  of  interface  liguid  - 
vapor  (or  gas).  This  method  has  an  advantage  - makes  it  posi-.ible  to 

define  tl.e  permeability  of  porous  boly  as  , function  of  the  ralius  of 
curvature  of  the  interphase  interface,  when  free  interface  t=*t  c.  V 
^ twtn’  at-,  lijiiid  - p4-»r  s constant  radius  of  curvature  along  core  it  is 


possible  to  ensure  by  means  of  t fu'  si-»-pw»/ incl  in  at  ion  of  core  at  the 

let  ei  m i ni-d  angle  to  horizontal,  and  a 1 so  ^r ‘*gu  la  1 1 ng  the  density  of 

ti  ‘ * ’ • c 

fluid  flow  until  A-n  iitcid  eiire/d  top  in  the  fluid  pressure  (tt. — Hr*  unit 

of  length  becomes  egua  1 to  <r  change  in  the  pressure  of  liquid  column 

^ unit  of  length. 


In  this  manner  it  is  possible  to  investigate  the  effect  of  the 
df  ft  t^0  rr\  e n I s c u i I , i >1  rri  the  Cccf^ic/ent 
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Key:  (t).  Porous  ror^>.  (2).  Liqiiiti.  ( <)  . S urr  o un  1 i riq  u t tos  phor  p.  (4). 

lousurt  u mixiaui  cupillury  prpssui*>,  kq/m^.  C)).  CilculitPl  offprtiv  ^ 
liuiTi-t-ei,  km.  {h)  . Nominal  iiameter,  p.  (7).  Porosity,  o/o.  (^ ) • 

Thick  n«-So  ot  cor=>.  (‘>)  • Gri'1  trade  ot  stainless  s*^eol  (SO  thin 

wires  c:ni.  ) . (10).  methanol.  (11).  pa  i r s . (12).  The  same.  ( 1 .< ) . 


air.  ( 1't)  . (Ir id  t 


hronze  (80  thin  wires  — l-<7m.).  (1'i).  Irid  ma. 


ade 


ot  rtpe  stainless  steel  (RU  wires  li* — V cm.  ) . (16).  qasoline.  (17). 

e \ “ i”" 

water.  (Id).  Or  i 1 4-emi  hronze  (80  thin  wires  out  m. ) . (10).  irid 

t. nicktl  (80  thin  wires  c4t — t cm.).  (20).  Porcus  conper  (sitit.*red 

from  powder).  (21).  methanol.  (22).  Porous  copper  (sintered  tron 
shavinq).  (21).  Porous  nickel  (sintered  ficm  ncwi->r).  (24).  Potous 
nickel  (sintered  from  shavinq).  (25).  Porous  copper  (sintered  from 


sha  V 1 nq ) - 

(2»>)  . 

1 is  t i 1 led 

water 

. (21)  . Porous 

cepper  oxidized 

(Sint  ered 

from 

shavinq) . 

(28)  . 

the  same.  (29) 

. Porous  copper 

(si  n«-ered 

f rom 

sni  V in  })  . 

( 30)  - 

Porous  copper 

oxidized.  (31).  norous 

< ( lal 

coppec  from  -^-c  pressed  nonsir.  tered  powder.  (32).  -^(copper  (60  x 

60  mesh  size),  wire  size  0.165  mm.  (33).  Niclrel  as  qrid  (50  x 50  m<>sh 
size),  wire  size  0-102  mm.  (34).  Nickel  qiil^i*  oxidized  (50  x 50 
mesh  size),  wire  size  0.102  mm.  (35).  Nickel  ts  jrid  ( 1 20  x 120  m.esh 
size),  wire  size  0.  076  mm.  (36).  The  same,  oxidized.  (37).  (ilass 
cloth  ASTT-  (b)  0-2  (10  layers).  (38).  vJlass  clc^h  of  ^-O,  L (30 
layers).  (39).  Glass  cloth  nickf  l,  #r.  0,2.  (40).  Glass  cloth 

of  ^0,1  (24  layers).  (41).  Sintered  f ibe  r jl  ass  1 with  parallel 

layinq.  (42).  Brass  qt  id  (i  our- cel  led , 23  layers).  (43).  acetone. 
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Ttio  process  of  the  >if‘t  (>rm  in.it  ion  of  poi  m e.i  f 1 1 it  y consists  of  the 

following:  is  assigned  the  flow  value  of  t lie  liquid  througt  tl,<  core, 

thf  core  is  inclined  to  horizontal  to  the  an.jLe  'I  , in  the 

' ' '.a  .1.  Aa  ' iL 

chamber  is  -sn-ppor* any  determined  pressure  P,  necessary  for  '■fe 
formatioti  of  tne  ,ie*'.er  m ined  radius  of  curvature  of  interface  liquid, 
vi{or,.  Tl.e  flow  value  of  liquid  is  varied  until  the  pressure  of 
liquid  in  core  is  est  a b 1 ish  ai  r sta  1 1 ed  ty  constan*.  Th^r  is  determiiiel 
the  flow  value  of  liquid.  Slope  angle  c- an  vary  within  the  rang'*  of  10 
to  70°  (for  example  when  using  as  the  working  fluid  a^"ethyl 
i Ieoh  o 1 ) . 


ProB  this  expression  it  is  possible  to  determine  the  permeability  of 
cote.  For  fine/thin  cores  the  determining  factor  is  no*'  so  much  the 
cross-sectional  area  of  core,  as  its  thickness  C. 
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Key:  (1).  Material.  (2).  Porosity,  o/o.  (3).  Size/dieension  of 

filament  (particle),  -gf  nun.  (4).  sintered  nickel  shaving.  Ci)  . 

Sintered  shaving  made  of  the  stairless  steel.  (6).  Sintered  plate 

from  the  powder  of  nickel.  (7)  . sintered  plate  from  nickel  grids. 

I ^ 

(8).  Glass  cloth  ASTP  m •''.-2  (10  layers;  4.25  mm).  (9),  Glass  cloth 
of  ^-0,L  (30  layers,  3 mm).  (10).  Plate  from  the  sintered  nickel 

powder.  (11).  Brass  grid. 
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Fcige  b^. 

The  rpsi;;tdnce  of  firrP'/^hin  p>oroun  co  res  ^ u su  1 1 1 y '1  of  i n<?<^  d n P ~ 

1/KC: 

n i'‘\ 

R - . (2.‘2G) 

V ;r 


Furthermore,  supplementary  resistance  exerts  the  forces  of  the 
surface  tension  of  interfaces  liquid  - vapor,  tihich  chanje  as 
function  of  the  lanqth  of  core.  Consequently,  the  resistance  [?  is 
also  the  function  of  radius  of  curvature  r. 
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Treble  1 vjives  tho  r»^sults  of  ^xp»'i  init  rpq<ir'iin!i  *-ho 
pt‘rmt>.ibi  1 i 1 y of  tb-<='  iiff^ront-  joroao  of  ffitfor^nt  thirknosr.. 

rr.  - Li-  i\r'x  -r 

2.  Usp  of  low-t  empor.1t  uro  thermal  rtact:^  inr  tiro  .wtriti/coti  i i t i oiis  of 
I c i 1 i nq  . 


i c/ 

Ht-'i*'  removal  by  boilinq  wi*hin  ^ hn  cores  of  thermal  xi  w;  1 1; 

c f ) 

ari(f  steam  chambers  up  to  no«  %f,  stiKiied  i nsuf  f icipr.  1 1 y . Boilim 

liquii  in  porous  cores  beqins  as  a result  or  the  ovorheatinj  of 

Iiqui.1  relative  to  saturation  tempera^ 'ire  - In  a ^>ri^s  T 11, 

1S-17]  is  comlucted  the  i n vest  i qa  t ion  of  heat  removal  by  boilinq  in 
t 

thermal  tijn-t  s arrf /shown  that  thp  »Mr>Tfi»/con  i i t ion  s of  nuclea-^e'  boilinq 

r a,- 

can  occur  in  the  normal  state  of  t hp  work  of  thermal  *hi~t . There  are 

I f'  t-^j 

^0b-ti9],  where  is  neqateT  the  possibility  of  the  func'rioninq  of 
thermal  i+a  t-h-p-eiH»*k»/con(l  i t i ons  of  boilinq.  In  connection  with 


this  were  carried  out  experimental  studies  <tn  heat  pxchinqe  by 

- — fill*  to  ♦ <«if 

boilinq  liquid  in  the  cores  of  thermal  dw-rt-rj  with  the  shi  pt'  f t>Y 
liquid  of  the  zone  ot  evaporat  or/va  porire-r  with  th^  aid  of  capillaiy 

forces. 


Fiqure  11  shows  liaqtam  of  experimental  i nsta  1 la  t ion. 

Capillary-porous  core  1 of  fiberqlass  is  wound  around  mpfallic  pipe 


t 

1 


,1 
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40  cm.  1 on  j Jsf- 1 1 1-iyeis  (7-1'^  layors;).  Inr;i0f  of  core  i 

0*^  4^  1 1 Lj  V 

Oista  nee '''47  mm  fioin  ’■he  upper  ’U  jr  of  * he  4nr--»  let  wpen  4 ^n'4  "4  layeri> 

;x  . 

ot  fiberijldsr.  was  dtramjej  he  a t er' * *■  i om  Sichtomr  wrr*,*  0.^  mm  in 
Jid  meter.  The  lesist'dtice  of  wiie  wrs  2'^  0.  To  hri’er  wis  c on  nec’^  ed 


source  ot  direct  ruirent.  r<ftril  ’ u t e wi*h  ’he  wo'ini  arounl  i’ 

ft 

fiberglass  core  was  nl  rrei)  >7  1 ut  r enrl  in’-c  container  w i ’ h Iriuiii. 
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Fig-  11.  Experimental  installation  am  the 
invest  iji’- ion  of  heat  exchange  in  the 
cores  of  the  t herma  l--fee4s;  1 - fc*Fw^ 
pert  or  a ted/fMtnohO't — tube;  2 - heater;  3 - 
glass  clot  h;  4 - the 

t i'  .’-if  4 

cone  1 US  ion/de  citwt  ion  o of  heater; 

5 - container  with  liquid. 
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With  tho  bsor  pt  i on  of  into  cor<> , was  itcoidni  the  v»‘iocity  of 

the  notion  of  tha  front  of  the  isopotentidl  sui  face  of  ligtiil  ani  t h<-> 

local  values  of  the  concentration  of  liquid  with  *hf  aid  of  t|,r. 
electrical  capacitance  method  of  the  n’easurement  of  concen  * ra*  ions 
and  methoi  of  the  .]  ye  i ng/e<>  lora  t ion  of  the  core  with  methylorange 
indicator.  Furthermore,  was  recorded  the  wo-iu velocity  of  the 
motion  of  liquid  with  the  aid  of  the  qiaduatel  glass  container  with 

\C\  vA-fi  c V 

divisions,  from  which  occurred  the  weke^ip  hy  the  liquil  of  hath  2 

V , V\<"  't  c- 

with  the  fixed  level  of  « i r rcrt  . 

In  the  first  series  of  experiments,  was  i n vest  iqa  t o(i  the 
kinetics  of  the  absorption  of  liquid  by  c a p il  1 a i y - por  ous  core  aqainst 
the  forces  ot  gravitation  with  the  i*ifaeonn<:ot  ion/cutof f of  the  source 
of  heating.  For  this  purpose  were  made  several  specimen  ksa  mp  le.-a  of 

cylindrical  capil 1 a ry- porous  cores  made  of  fibetglass. 


$ 
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/i'! 

^ V . ic't*  . t'  l> 

5p>‘C  1 was^skii.*  t f-**«  t jliss  f'lo*'!i, 

ti. 

dtjc-t  made  of  tho  ‘^tiinlens  st^el  (out»>i 

, . \ V u ' ’ ' 

I t»ii  0.2  mm)  into  7 layerii  anTt"^'?''lTTvTnT  on*--' 

mm.  Th*^  Nirnrom*^  neitor  was  -i i f ari'— »»/ 1 oc  it  »■  i w«=ar>  ^ 4 

qld.ss  cloth  at  a fii.stanre^  120  mn.  from  snrtico  of  lij'ji 

ct  coLP  was  ^Oo/D. 


w a 11  n1  1 ro'in  ! 

, f h icKn*';;r.  o \ 

■t 

r ii  amt'*  or  1^.1 
jn1  hYliVors/of 
i . Tho  n o I o s i » / 


S;  eci  men/Haurri  a 2 had  analojo'is  form,  fcu*'  i*  wa;  wound  aimird 
u-i.-  *1 

4l  mm  i r:  diainc^’or  intc  7 layers  of  jlass  ('loth.  The  ou*<'r 

(.(%  ^ 

1idme’’OL  of  speci  rot?  n/r.a  »pl-n  imr  eijual  *0  47  mm.  Th“  hoi»<M  wis 

j t ■/ 

A^'rar^l'/loca  od  aisc  fotween^tt  and  “iv  1 a yax^at  on  hpiih*‘-120  mm  from 
suifact'  of  1 1 jni  ).  The  porosity  of  cote  was  dfio/o. 


tv-  k>.  ^ 

SpH<;  1 me  1 was  wound  around  due-t-  ) <•  mm  in  dnir.'»,.r  1 n Ca 

15  layers  of  jlass  cloth.  Heat*-r  was  placel  bet  weer  ^ 1 and  1 o\  1 r v e t s^ 

L>-  *' 

The  outer  drametei  of  cylinder  from  'jlass  cloth-irT;  ejual  * o 20.7  mm. 
The  perosi^y  of  core  was  equal  to  b4o/c. 


As  heat -trans  t er  a(jent  was  selected  *dt^  d ist  i 1 1 e ) wa«-er.  The 
kinetics  of  th=>  absorption  of  water  into  ca  pi  1 lar  y- pot  ous  core  from 
qiass  cloth  was  rea  liz(;*V<tft*oi«p  d-tshed  in  the  atmosphere  of  saturated 
steam*  in  order  to  eliminate  the  effect  of  the  evaporation  of  liquid 
frc»  the  pores  or  cote.  Tn  Kig.  14b  is  shown  the  curve  of  ♦he 
kinetics  of  absorption.  As  can  be  seen  from  fiqure,  experimental 
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{ o 1 n t -^rnfr  i<  “ 1 I ♦ o '.t  t d i 4 ( ♦ 1 1 p f i h/  ! r t ( 1/h  ) . 


1 

F.^qe  ^>t>. 


Th»  m.^xinuim  A-lt  )f  t of  li<j’iid  for  s p e c i a <>  n /*i  .i  1 

» * i 

CUK  ( n , = SO  era.,  foi  f'<»e  i ra»^  rv/^.4  w ;>}^-~^  2 7;^,^  - H 

C!r.,  foi  ♦’ho  sppci  -er-  = aS  cir.  The  linear  spee<l  of 

U 

the  motion  of  lijiji-i  in  cot>  <i  t \ distance^  whic:h  correspond  h = ^A 

I • • « I..  A t ^ ^ 

era,  (C‘-n'’ei  of  t(,“  trra  ni)oiiew4  of  heater),  wi  h ) of  f [jie^  .;>X7  <M>WfMWi4id 
0.  r . 10'  ‘ ®/s. 


I The  distance  of  the  centei  of  heater  tioni  s'lrface  of  li  juid  in 

cor.tainei  was  selected  in  such  a way  that  it  would  coriespord  to  the 
he  I'jh  * at  ode-  ot  - 


The  secon  i series  of  f>x  pel  laents  on  the  atsorption  of  liquid  was 

rea  1 1 ze‘')’H.i*u»4B.ul  ashed  as  follows.  Upon  achievinq  steady  sta*o  durinq 

the  abr.orption  of  liquid  into  c a pi  1 lary-poious  core  (a-ft-rr  S-7  hours 

after  t ht*  beqinninq  of  experiment)  to  Nichrerae  heater  was  supplied 
^ >c.  C~ 

the  electrical  CLaerqy  from  aljustalle  sotirrc  of  direct  current. 


I 

♦* 
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bnaor  ho  ,ic*  ion  ot  ooule  hcdty  occurrr-ii  the  evaporation  or  boiling 
of  liquiO  oi  the  section  of  the  capi  1 1 ary- porous  cor<^  adjoining  the 
heater,  oir.  -t-er»-H  ■TT'/'iCCorDpl  isheri  the  n-.easurement  of  the  rate  of 
evaporation  ot  lijiiid  and  t empeiat  ure  field  on  the  surfic=>  ot  porous 
core  tilth  the  aid  ot  co  { pe  t -const  a n t an  thermocouples. 

('I  t'i‘-  ^ 1-^ . c.i: » j 

Kij.  IS^-ars  show*,  depend  en cr  -cur  v es  fht  the  t emper  at  u re  f t h<> 

\ •u't 

surface  of  core  as  functicnitof  distance  trcm  the  ai-itr ot  of  water  and 

(■  I • 

effective  radius  of  meniscus  tioa  rate  of  evaporation- 


During  investigation  was  noticed  subst  ant  ial  mt  increase  in 
the  rate  of  evaporation  with  <*-*  increase  in  power  input  D (see  pig. 


I4d)  for  the  gla.ss  cloth^  which  have  the  large  s ize/il  i me  ns  i im  of 
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^ / 

1^' 

cells,  Vifile  tor  »■  h>‘  rlo»l^  which  hdvr  » fine  s iz  e/4  i -of 

cells,  lIlCLe,ls^■  in  •■he  veloc:ity  of  dbsor[;*:ion  not  is  i-> — tit 

substinti.ll.  Prohibly  this  -tP  is  explnined  by  the  fu'^t  thit  the  r±tlT‘\ 

. . t,  i.  . i-f'  M<^e  ... 

CO  ml  i 1 1 or.  s edi-r  y coirse-n’esh  .jldss  clcth  <ire  mot.?  fdvoiabl?  ir. 
comparison  with  f i r.e- m osh . 


Fig.  15.  Dependence  of  the  temperature  field  of  core  on  the  applied 
powe  r . 

ey;  (1)  . w.  (1 
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The  r«niov,i  ot  biihhlos  fnw  porous  material  is  accompa  ii  iod 

by  the  local  pulsations  of  pressure  cn  bo'indary  vapor  - liquid.  These 
local  pulsations  of  pressure  lead  * o he  fact  th^t^  besides  capillary 
potential  and  the  potential  of  <j  ra  v it  a t io  na  1 field^  appears  t-h-o 
ail  ppl  pawntyiiTY  4a^a«-nq/niov  i ruj  poten^-ial  of — t-tre  which,  wht 

averaqed  by  the  volume  ot  e va  per a t cr/vn  ya  r i r*  c , contributes  to  the 
absorption  of  liquid  (effect^  anaioqous  to  the  work  of  liaphraqm 
puiBp)  . In  ♦•his  case  the  generalized  law  of  DPrcy  , in  our  opinion, 
car.  be  tpresen^ed  in  the  form 


JiH 

ri  — 

*■  * i<nn  ‘‘f  • r'v.'Tsr* 


(2.27;' 

(2.28' 


where  tier  = ~ potential  of  capillary  absorption:  z - the 
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coord  rsii:  which  character  izer;  t h<>  por;irior.  -)t  liauid  in 

qr  dv  1 1 at  i or.  d 1 field;  "..vt,,. — ~ t !u'  po^fiiTi  <1  of  th''  pnluitinq 

medsu  remen  t ot  pre.^.'^ure  in  porous  holy  in  n*.*  j res.  rce  of  boilinrj  or 
tuthlir.g  of  the  jas  ^hconqh  pores. 


The  e X pe  r 1 ni(.»n  t s d n boilinq  liquid  in  porous  body  lurinq  the 

motion  ot  liquid  aqainsh  qr  a v it  at  i ora  I forces  with  the  =iii  of 

capillary  forces  a tnl  the  forces  ot  total  pressure  when  tho  pulsation 

^.cO.vt 

otfbubtles  are  pr  esent  , -paiT  showed  the  <»  i al  influence  of  the 

latter  for  the  porous  bodies,-  havinq  hi  jh  per  raeabi  1 i * y and  trftj'  larqe 


pores. 


2.  For  the  axplanation  ot  the  influence  of  oorous  structure  on 

the  process  of  boilinq,  were  carried  out  the  e xper i ment s d n boilinq 

c»- 

■trtt*'  distilled  water  in  porous  core^  consist  inq  of  several  layers 

of  glass  cloth  an!  ar  r a nqei^  lex-w  ted  hor  i zon  ta  1 1 y . The  listilleq  water 

was  introduced  directly  inside  porous  core  with  he  ail  of  several 

t;  -y  a (d  v.oi'l':  <-* 

needles  made  of  t?tFe  stainless  steel,,  cennect-'d  wa-eh  volumatfi' 

Figure  1h  shows  installation  diagram. 


Installation  is  vacuu ir- 1 iqht  chaniter  of  cylindrical  form 

whose  diameter  is  U70  mm  and  whose  height  is  670  mm.  Th“^  chamber 

o I \ 

Bake.s  it  possible  to  conduct  research  the  process  of  boiling  lioth 
usual  and  cryogenic  liijuids,  since  it  has  good  vacuum  thermal 
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insulation  of  the  tollowinj  consti  net  ion:  into  chamboi  is  insputpd 

vdcuu  m- 1 ii^  (i  t vossol  2.  In  th*^  rleataru'o  be”'«(f>eri  chiirbpi  j»7-  1 n 

ri  m 1 1 1 1 ^ ,in«  .■  t—  ‘0  h 'J  i~,  , , i<- .v  > \ . t 

(liffusicn  aoicuiy  pump. 


PdjP 


\oc 

• ithiri  v-icuum  chimbpi  2^-  is  cap  i 1 1 ar  y - porous  boi  y i 

with  ’•hp  fetvi  system  of  liquiO,  the  system  of  the  heatinq  of  body  ani 

condensat i on  for  condensation  and  collecticn  of  the  vaf^ors  14. 

1 

Thus,  within  chambei-  2 is  real  ize/-.»cco<tpi:u-;t-hed  ■ t-h-e- close  i loop  of  t-t»e 

evaporation  - conlensation  with  the  return  of  the  condensed  liquid  to 
the  place  of  evaporation  into  con*-ainet  7,  whence  liquid  proceeds  to 
capil  lary- porous  body  throuqh  core. 

R*‘Cording  ^empei.  at  tire  fields  was  t-e,a4-ii5e/accorapl  ishei  with  the 
aid  of  the  raiocouples  and  24-  [ oin*  electronic  f ct  <in  t i om>^t  e r . The 
inspection  of  the  correctness  of  readinjs  ot  thermocouples  was 
rea  1 i islved  by  fl  potentiometer 


I^-30G  . 
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Fig.  16.  Ejtppi  1 nental  installation  for  the  study  of  evaporation  from 
ca pi  1 Id r y- po r ou s boiy;  1 - fcli»  basic  volume;  2 - vacuum  volume;  J ~ 
the  investijated  capi  1 la  r y- pot  ous  holy;  - copper  plate;  6 - heater; 
6 - adiabatic  e-we  1 ooure’;  7 - the  investigated  liquid;  R - thermal 

insulation;  1 - liffusion  pump;  10  - fore  pump;  11  - U-^ube  gauge;  12 
- mechanical  vacuum  pump;  11  - trap;  1h  - conditional'  Aact-. 


J 
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PiessuLp  within  vacuum  chamhot,-  2 was  ineasiitpii  with  tho  .ji  i of 

t trp  system  of  U-tnbo  qauges^  filled  mercury,  by  the 

\j  ts  ?;**  J 

orqa  n osi  1 i con  lijuid  4Htt7  Tiy  dibutyl  phthalate.  The  i o m o v a 1 /il  iti  t ,i  f>r^ 


of  non-condonsa  ble  qases  from  chamber  2 was  rata  11  /.e/accomp  lished  by 

d'  c t.«  ? M V 

mechanical  pump  VN-2MG  (12),  For  the  met  ion — hy  froat— of  *he 

vapors  of  liquid,  cauqht  ints  the  system  of  suction,  was  utili7cd 
nit  roqen  trap  1 3. 


Porous  body  coiisisted  of--tlie  different  amount  of  liy=rs  of  glass 

e] 

ciothj  it  had  a length  \150  irm  and  a width  10  mm.  It  was  pressed  by 

»V 

tf-anie wuf T/body  against  the  heating  plate,  a-m:mrh»y loca t ed  on  the 
external  surface  of  experimental  box. 


I rt 

The  system  of  .leating  had  two  lamellar  electric  heaters  - hn  rri  r . 


■a 


r 
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and  (aliabatic  e m:  r*-)  . ii*?atns  weie  asbor>*^or:-(;eii’t-'n» 

f-t  ani»-*  ¥cr*>/l)0  i ies  with  trlrD'  'jroove.'y.  into  which  wa'^  placed  fcdn’  wiie- 
Kanthal  (sj'*^cific  resi-starc?  ot  Kanthal  1.4S  ohn; /;n  .d  J , ma  * i .t’isi 
operating  ♦•^ir  ne  la  t 1J7';oc)  . Above  the  ^aiVVf  ^ h.  oa  t r i war. 

^ rwn  7^  / 1 oca  t ed  a-4ee-  copper  plate  on  which  was  placed  ca  r i 1 1 a r y - por  o'jf; 


lody.  T h*>  electrical  inFulatoi  hetweer,  the  plate  mi  spiralFt-  h'^-atr-r 


tv 


was  t+r^thin  plate  of  mica. 


iieat  tlux  was  regulated  by  autot  r a ns  f or  niei  and  was  recorded  with 

the  aid  of  ammeter  and  voltmeter  of  class  of  accuracy  O.S.  Between 

the  itijrrrT?  and  heaters  ir.  the  process  of  experiments^  was 

r I - a ' < ' 1<  > \ » 1,-iv^ 

gnrport  ed  t he  zero  jradient  of  te  m p<3  ra  t ure  for  the  creation  of  the 
adiabatic  conditions  of  heatincj.  T lie  heat  tlux^-  created  by  »hir. 
system  of  heatinj^'  could  reach  value  12  W/cm?.  Experiments  were 
carried  out  darinj  a change  in  the  heat  flux  from  0.5  o 11  W/cm^. 

_ 

The  u.  X pn  mli  t ure/con  sumpt  ion  of  liquid  per  unit  time  with  t-hr^ 
fixed  heat  flux  was  determined  as  follows: 

c/ 

(2.2r) 

r 


i 

I 

f 
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whtre  t-kfc.  - t h-^  fluid  flow  Lite  ()«-t  unit  tini'^;  } i .s  4 hf>.i  t -f  ] u x 

density:  A - the  surface  ured  of  h'-'dtir);  i'  - heut  of  vaporization. 


I fv  \i  ( 0 t • ■ I ^ '’1^ 

The  {•■**-!  «wt-*-e-r»+-  the  supply  of  lipiid  was  i:w»<*-l't-!:<’/ocTTniiy>l  istiod 

with  the  ii  1 of  t-rteo+'t-le’/ch oke  hy  chanijim)  the  flow  area  of 

connect  in <;  tubf-;>. 


Pa  qe  7 1. 


Py  this  coiitiol  it  a, is  possihl^•  to  ensure  -t  ft^eu  rate  of  lijuid^ 
equal  to  rate  of  evaporation. 

For  the  iteasu  cement  of  tempeiature  fielJ,  -thc^  w»re  utilize!  six 

ch  tome  1-a  1 ua  i num  thermocouples.  One  of  thetr  was  calked  i-H-t  o the 
a"'' 

copper  p'lite,  the  others  were  1 ocat  ed  in  c 1 pu  1 1 a r y - por  our. 

body. 

As  ca pi  1 la r y - pot o us  todies  were  *-t-p4-4-— d the  mill  narks  of  the 
qlass  cloth  of  two  forms:  a)  ASTT-b-S-2  M3TU  f /Iffy  - .1  nt  e rr  op  ubl  ic 
"technical  Specifications]  6-  1 1-140-70  with  a minimum  radius  of  .‘Pbr 
pores  of  tr„„  = 6 1.7  ^J,  permeability  K = 5»10-*  cm?;  b)  ^-'O  l r.OST 
[ roCT  - All-union  State  standard]  848  1-6  1 with  a minimum  radius  of 
Uxj:  pores  of  r,,,.,,  = S2.4  ji,  pei  meabil  ity  K = 2.7»10-t  cm?. 


[ 


l1 
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In  i-oniiict  in  j ♦ hp>  ex  po  i i nu^  n«- s d n heat  removal  hy  l)oilinj  in  t±^' 
pcnous  core  tiom  tar^-  pickajo  of  <jlass  cl  th,  a i ra  ri^vl  'a»-a  i ^ i -ta — tr. 
h or  i z ont  a l.'ii*  was  iecoi>ied  the  heat  tl>ix  temperature  field  over  t h«' 

section  ot  porous  Pody  and  the  fluid  flew  a£  . Hoi  eove  r^  t h e fluid 

1 \ lV  1 

flow  cf  was  solecteil  so  that  whol*:  amount  of  beat,  isolated  bv 

heater,  would  ]o  to  the  evafioration  of  liquid 


(■o 


On  the  Qt  ner  ha  n 1 , 


(j  - "-j. 


where  a is’i  coefficient  of  heat  exchanqe. 


Figure  17a,  b depicts  the  cu r vo^>fr apnat  of  dependence  of  g or  AT 

rr»  p*  ‘ 

and  a on  j for  tdjS  lifterent  w;,  of  porous  cores. 


Thf  most  f avorable  conditions  of  heat  exchange  Iboil  mg  proved  to 
be  art  glass  cloth  1 since  it  it  had  the  high  value  ot  permeability  K 
as  compared  with  glass  cloth  2.  The  crisis  cf  boilinj  substantially 
4Htr^  shi  f t./shM4re<i  to  the  side  of  large  heat  fluxes  in  the  presence  of 
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'jroovet>  in  poLou;":  corn,  which  con*^rihutrl  *■ 


1 1 V>'I  ;■  1 on/-*-»-t» 


The  tosta  sh  o w el  ♦hat  ttt  har;ic  i r f 1 u •nc..«  cr  ,oi»  rxchan 

during  boilinj  exert#  the  romiitions  of  i i v>'i  s i cn/ta^  * ntr  cair  from 

capi  1 la  I y- po  I o un  boly.  Py  rompaiin-j  ♦h'  values  cf  ♦he  coefficient  of 

heat  exchanoe  j‘'’^lass  clothe  1 and  2,  it  i-;  possillt  »n  - o ♦ « 
r- 

I ' ' 

followin'!:  ot  ;jli5S  cloth  2j  ma  x i niu  m value  of  the  coef  f j cie  ti^  i above 
and  durin'j  the  l-a-ei  la  ta-ti  tt:  ot  ^he  conditions  of  1 1 ver  s i on 


pa-te-  increases  and  is  lisplaced  to  the  si'le  of  1 i i jo  h-»at  fluxes 

T " ' ,i 

faster  than  <?t  qlass  cloth  2.  Ifero^  it  is  ctvio'is^  larj  rol'*  plays"' 

'.bra  ’ 

the  [>eraiea  bi  lit  y of  body  K,  which  is  pr  opor  t i ori  a 1 ♦'a  the 
i oot  - mea n- s ]u  ar  p s izex-4i!nen.mir)r'  ot  pores. 


Faije  72. 


Ill  ! ‘jJ  t , ( eA  \l  ‘ I < , 

qlass  clo^h  1 permeability  K <'18  times  a-we-ar'Trt^  thin  tM-  jlass  cloth 

2.  This  causes  an  improvement  in  t^R?-  heat  exchanje  luring  boiling 

f 1 j>  ar  e e . 

tecausr  of  the  facilitaticn  of  d i ver  si  c r/ta.q — aan-tte  pores  of 

11  > 

larger  diameter,  but  oaa  tlTe  gt  i'l/tta.>»yor-k  of  capillaries  with  small 

1 e cl  r‘  f'  0 

si ze/-d4nu' n »aTfTTrr.  water  X>  continues  to  under  the  action  of 

capillary  forces, the  heat  surface. 


I 


An  improvement  in  the  conditions  of  steam  discharge  pipe  because 
of  the  formation  of  tSrrt  stea  m- r e mo  va  1 channels,  as  takes  place  in 
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th>'  c- j:  .>  -i»h  clo^h  1,  dr.d  ♦ho  f a c i 1 1 1 1 *•  i rn  of  J i vpl  si  on /t3jr 

from  tiil*  ;.,  j.t  ♦ a’KPs  place  wit.n  ijlans  cloth  ?.,  loil^to 

ln(I*•as^■  in  the  cooftici»-nt  ot  hea^  sxchar.4<',  the  i isp  I a ce  nien  t of  its 
■axiauir  ♦ o ^ho  si  1 e ot  -jrod^  .j-i-o-fta-f  i oa « c<t  o 1 heat  flux  ml  iecroaso 
in  the  ovt‘1  h'^at  in  j cf  wall.  Is  reachod  an  incrrase  in  the  value  of 
. t a I 

c r itaa-H  h«a  ♦ flux. 


Fig.  17.  Dependence  of  the  coefficient  of  heat  exchange  at  of  boiling 
on  the  applied  power  (a)  and  the  applied  power  on  the  temperature 
differential  in  porous  core  (b)  . 
iKey  : C^'i.  (p)  . 
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In  t-ht*  c.iso  of  <i  iecrf'dse  in  t ho  thickness  of  cipi  1 1 d ry-porous 
boOy.  ir  r.'isence,  also  i£  obsf^i  vo.i  an  i rpro  votner.t  in  hoa*' 

pxchanoo;  how»*voi,  f capil  la  ry-pot  cus  body  ba d 1 y V-y 

oijanizos  +hp  pro.oess  of  boiliri>g.  If  is  unstable,  occiir.s  t hp  wavy 
pjection  of  lijuid  froni  body,  accompanipd  by  sharp  sonnls,  by  the 
distortion  of  body,Yby  teirper  a*^  uro  jumps  in  c a p i 1 la  ry  - por  o us  body. 

.s. 


Horp,  !♦  is  obvious,  large  role  played  ^hp  following 

h 

I IV 

t**4-*f«p/inotnen  t s.  On  one  hand,  erf  f ca  p 1 1 la  r y- por  ous  boly  is 

the  out  pu  t /.y.i-t'Td because  cf  iecreasp  in  the  pa  h of 

its  passage  in  body,  which  favorably  a f f ect-in’j'  t-h-e-  heat  exchangp.  nr 

-S  \ rat'  - 

the  other  hand,  the  ai<»TT»ter  body  had  less  vcIuipp,  therpfor*?  t4re 

larger  p»  reengage  of  its  pores  was  filled  by  liquid  (flow  rate 

ci 

applied  liquid  depended  on  heat  flux).  During  bci 1 i ng ^v a po r intensely 
^ y 

Oiscarded  liquid  ot  th^  porps  of  larqpi  s i z 


1-OW  d M»T 


K ^ 

= f (q)  for  glass  cloth  2 have  «■  form 


Cur 


a 
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In  pdrticiildi  foL  ql.iss  cloth  with  -<i.  thirknoss  i.h  uti  (<h  liypir;) 
this  toimuld  is  as  follows: 


y = -■  C—  Jl-P"1 


or 

O'.  = ^1,^"'  ex'*  ^ ."'r\ 


It  is  olvioiis^  toi  i^'jlass  cloth  d^ppnd  once  of  t Ut*  same  form,  but 

limitation  alonj  heat  flux  (to  11  w/c:m^)in  experiments  dil  not 

I ' at  <-  >1  y i 

:^trr’  poss  i b I fl  i3?^<t  o e n d /-l-»»xvt  to  explain  form  curvef  a = f (a). 

f 


OCX 

Boilind  as  proce.ss  ertromely  complex  gives  the  very  large  spread 
cf  e x per  1 men  1 1 la»  a.  more  in  ex  per  i meiit  al  datum.,  when  ♦’he 

numbei  of  factors,  which  deteimint'  heat  exchange^  grow/a-i  ae^m-  because 
cf  the  presence  of  ca  p i 1 1 a r y- porous  body.  It  is  hence  lifficul*-  to 
propose  any  foinulas  for  the  calculation  of  heat  exchaieje.  However  it 
is  possible  to  .^t  1 1 r»/e  s t a h 1 i s h tha*'  an  improvement  in  the  conditions 

^ < rv  N 

of  d i ver.si  on/-t44-K- 4+e»-T>niT  leads  to  the  intensity  of  heat  exchange. 
Dependence  a - f (g)  is  represented  by  expression 


a = F,(/”  o.xp  C(/. 
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^ lu,  V k '•  s 'I  -i 

Tho  nrriic*^urf^  ot  cq  pi  1 1 .u  y- po  i o us  bociy  i »^4  in  t h*^  y po 

^ ’?{\  >v 


motion  of  ^I'Ubbles  anO  t h»-  ['luco  of  t 


o t 1 0 1 n /ccmr*^^ rTTTr/-ifrv+-^ f bubbles.  f:o,  strurtiii^  of  the  t yp^> 

<^c 

of  tho  pdckuOP  of  or  tabiics  has  i tiu  d b i 1 i t y k dlono  fildmort.s 

4*">»dt  ».t  ♦hd.'i  .iciors  tho  <^rdin.  Tho  rof  oro^b  ubb  los  ittempt  ^-o  -fet- 

movt<l’  odsik^t  ilonj  fiidmontr  t[ian  across  ♦■he  ai  n.  [n  connection 
jith  ♦hin*,fho  'jiooves  ani  the  stea  ti- reircva  1 channels  can 
sufis*^  ai.  t i a 11  y impiov  heat  exchange  by  boilincj,  sincef  fdcili*-a^:e  t j,o 


-.TFC\  ,f\ 


conditions  for  a outpii' 


In  this  sorites  of  expel  iments^  was  revealed  the  rol^  of  ♦■  he 

jK  t\  'O' 


pulsations  of  pressure  upon  the  entrance  of  bulbles  from 

/■V 

porous  body  t^o  the  process  of  'tlW'  wettimj  with  the  liquii 

ca  pi  1 la  I y - po  I o us  boly.  Since  ♦ he  litpiid  was  introluced  into  the 

potous  body  tnroujh  needles  at  isolated  points,  when  only  capillary 

> K < *4" 

forces  of  trarist<'t  are  present,  we  would  ax;h ie~7i^  limit  (wat  the 

('ll  '-x^  ) 

ttanspoit  of  t 1 ui  1 flow  much  earlier  than  was_/in  experim<^nts. 

Fu t t hei Bor e,  during  the  unidirectional  motion  of  liquid  by  means  ot 

,,  ^ \jj<.  u_'tl  Hi. AVI 

capillary  forces  i w nw  » h r Let  t er/  be  conditions  of  cooling  w onld — t' 

i‘*“ 

kt  the  beginning  of  eva  poratoi /waporiaiT  a rid  worse  ia-its  e n d / 1 ra d i 


Readings  of  thermocouples,  however,  indicate  that  the 
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teir  p«^  td  t ur  p f ie  1 1 within  ontim  nor  o 'is  tody  w ».«  unifcirn.  H»-TK:t»  it 
follows  thdt  thp  suppl'/  l>y  d lij'iiO  wds  r ^'d  1 i z» '/a-uniijiul  «vnr.ly 

-tt- 

ixf  pntit*'  volu.up.  This  co'ild  t rodliz*’!  only  w i ♦ ii  » Hp  -i  i 1 of  ’ho 
su  f pipnipn  t d 1 y roeoticinisn  of  th*  trdiisfpi  of  li  j u i 1 . 

Lpt  us  dttpapt  to  m.j  kp  ^di;d  1 ys  is  ot  t h>  i n f 1 u oricp  ol  ‘ wo-ohaso 

f 

flow  e#»  tho  ttocoss  ot  thp  cipilldiy  dbiOrttioi.  of  lipiii  in  noious 
body.  In  tht>  piosc'nco  of  tho  [ locpss  of  boilinu  in  poi  ms  holy, 

IV  V 

cccuis  ♦“wo-pKisr  fluil  flow  - -pinrs;,  Sinc^  the  ^h^^rira!  con  iuc^  i vit  y 

cf  poLous  coio  in  1 ow- t rn>  po  i at  ui  o imilly  spvoril  t i nu-s 

r- 

'tK  hi'jhpt  than  tho  ’•horiml  cor  d uc*’ i v ii- y of  lipiid,  arp  croa^pi  *■  h.p 
favorablp  conditions  for  the  or  i^j  i nyoonref  t lon/itrt-tia^lTwi  of,^bublIPS 
pfflT  and  it  is  possiblp  to  eguifet  tha*"  in  the  zone  of  evaporation 
occurs  boi  1 in(j  ,^iqu  id  undpr  conditions  of  saturation.  In  work  r 90  1 
is  disciisspd  ‘■he  fact  that  for  the  piocess  of  the  motion  of 

twe-phasp  flow  also  it  is  possible  to  utilize  ,«  law  ofl^arcy  • 


For  a liquid 

= — K ( L"nc!  P,  — p,,,"  <;:n  fp)  /.  (2.3*^') 

' t „ 


A 
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for  -WMT  !.rro"^ 


= — K '’Ljrpd  — P|,r  si",  (f) 

12  :j/} 

ri  ^ 

/ T > 

(2.3S) 

rr  /I //,,//:}, 

( r 

(2.39) 

5,  --  5..  = !,  = const,  o„  = const, 

(P.dO) 

p ;>  — ,\p  ( 9 > 

where  K is  ral  permeability;  K|^2  - relative  permeability  (in 

fractions  of  the  n niiii  iii/ijaiWgitl/tota  1)  ; S is -a::,  concent  rat  i on  of 
liquid;  r/  -»■  porosity;  “ capillary  pressure. 

The  relative  permeability  K,  and  K?  are  only  functions  of  the 
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corcv>n^  [ at  ion  of  lijuid. 


n.il  At'i't’- 

If  ono  assuinf*?:  that  wlioi^  boat  in  evapcrator/»npori.e^L'  qoes  to 
h*^at  of  va  {jorization,  thpn  under  the  stationary  u il  i hr  i u ir 

conditions  <if  ; therefore,  the  law  of  Da  rc  y»- ca  n he  written  in 

qeneral  foim 


/ = A’— /'^rnclP -'-/^osinocS, 


o 

f 


7' 


(2.4!) 


(2A2\ 


Here  qrad  p is<a  pressure  gradient  in  the  porous  medium  due  to  ♦■he 
presence  of  forces  of  friction; 


''J7l  _7_ 

K r'n 

- ^ Mt 


r>  ft  <;'n  (0 


AP 


TP 


AP 


Kan 


2a  cos  0 


(2.43) 

(2.44) 

(2.45) 


I 


coc 
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pai;k  \h' 


wheie  7 h(*  7?^^  - 7 ho  niodn  tail  ins  of  poio. 


76. 


ii  t<a 

If  in  porous  fo<iy  thoro  aro^ubhlrs  mit,  ’•hen  the  prossur^^ 
which  attom[)*'s  to  oxponii  buhbi‘»,  in  oqual 


r»  ^ 


(p.W 


Lot  us  assuiio  that  t ho  procoss  of  boat  transfer  from  the  hoatei 
wall  to  the  surface  of  core  is  r ea  liz(t^/act.~QBp  1 by  moans  of 

thormal  conductivity  through  the  film  of  vapor  with  thicknosn  6, 
and  then  fluid  film  C - 6i.  Heat  flux  throiujh  the  fluid  film  is  equal 
to 


c 


(2.47) 


0 fc  * ) 

Tho  pressure,  which  attempts  to^piess 


•.  u ^ f 


p. 


I2AS) 
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where 


the  tidiiis  of  bufble. 


,'^f  t\  <\  -\  1 u V OJ  . ^ 

Pressut  o in^h>ibble  ^^aarT*  .irxi  -f- 1 u i d pressure'  which  is  SI  t u r-i  *■(■:) 
the  porous  core^  must  he  equal  to  each  ether,  since  the  pressuie  of 

liqui(J  is  equal  to  prPoSuro“qa^S  within  bubbles,  it  must  be  more  than 

^ tube 

the  saturation  pressure  .et^  in  the  steam  space  of  thermal  thnet. 


= P.~ 


(2.49) 


According  to  the  conditions  of  heat  exchange,  in  the  layer  of 
liquid  there  is  a gradient  of  temperature.  In  accordance  with  the 
equation  of  Clapeyron  - Mendeleyev 


^V’n.,p  = fe-A7'. 

K‘  itac 


(2.50) 


I 
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This  fcimuld  ijiv9S  d nr<=>ssui:e  difference  between  -3^  p and 

as  a result  of  the  presence  ot  the  overheatin'}  cf  liquid  relative  to 

T" 

^ CT  • 

c<N.  \;^a'sc>^-‘sr^ 

Thus,  the  balance  of  face  pressure  ai — coct  ion — tiqai-d — - — pa  ii  s 

? —P  — \P  ~ \P  T2  5*' 

' nap  * Hac  mvt  nnp* 


Substitutinj  (2.44),  (2.45),  (2. SO) 

"^VeO 

(2.48),  we  obtain  the  thickness  of  film 
dependin'^  on  heat- flux  density 


and  (2.  SI)  i rrt^- e q uat  ion 
p-ixxr  in  porous  core 


_ f' 


2 <7  COS  0 


— o,„L  s'n  cc  — 


r^. 


,A'C  ! 
(2.52) 


1 
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This  equation  is  correcf^  when  6,  < C.  Negative  6,  indicates  •■hat  the 

capxliaiy  pressure  flattened  cushion  pa-ir ■ 

On  *ho  basis  en’^ire  stated  above(^it  is  possible  to  :®ake  the 


conclusion  tha<-  tdre  low-temperature  thermal  rfuihts  can  work  in  the 

i-  ta ' * ‘t 

»<m»/cond  1 •■  i ons  of  nma boiling;  however,  in  this  case  ga*rrar7r ises 

\ c.  V'. 

the  t ht  r 3ia  1 resistance  of  porous  core,  -tha^  it  leads  to  an  increase 
in  the  temperature  li  i f f eren  t ia  Is  AT  along  <fcncrt . An  incr'Mse  in  the 


thermal  resistance  of  core  appears  because  in  evaporator/vapor  iy»‘-r 

I,- A 

the  liquid  is  l-acsr^*^?*#  in  two-phase  state  (bubbles  - liquill.  rrT 

tie-  Pulsation  ol  h e pressure  of  liquid  — loavinq  of  ^eibbles  pa-aa- 

contributes  to  the  wettinq  of  porous  cere,  which  is  equivalent  to  an 
increase  in  the  capilliry  pressure.  The  critical  value  of  the 
overh^>atinq  of  liquid  in  porous  core  approximately  can  be  ?s- 
evaluated  according  to  formula  f 15] 


r _r  - 

' CT  ^ H8C  — / 


1 


DOC 


77070  IhS 


T'AGE 


''here  V - a critical  radius  of  bubhlr  ^axr. 


The  he-dt  r-xchan  jp  in  the  mode/cond it  ions  of  boi  I in  j^  1 iqui  i 
porous  body  is  determined  from  fotirula  [71] 


\C  T- 

\ H<i  M< 


^'yu  ,■  /'  ’.IC 


0,'^72  ’ 

\ ii.., 


where 


The  experinontdl  data  indicate  4clia^  a durinq  boi  1 inq  J i qu  id 
porous  body  with  small  heat  fluxes  can  2-3  times  exceed  a durinq 

<5^  w 1 

fcoilinq  liquid  larqe  volume. 
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Chapter  1. 


EXPFP  l.rFWT^  L .STUDY  OF  TUEPFAL  0UC3  S AND  THFIP  A PP  L I CA  T I ON /WW  IN 
CIKFERFNT  PRANCtiES  OF  INDUSTRY. 


1.  Coolinq  anl 
the  aiii  of  *mrn 


the  thermostatic  control  semiconductor 


'-tcX-f!  0 '' 

thermal  and  steam  chambers. 


ie vices 


with 


The  thermal  and  steam  chambers  proved  to  be  very 

convenient  1 lefts /tfnd  thermostatic  central  of  semiconductor 


-.4 


■^1*^ 
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/l/^ 

devices.  Thoit  us‘'>  is  t hf.>  iddiators  of  sp ni  icond  uc  t-or  ^ovicos  fiadt-  i 
possible  siiniticintly  to  iffip>iovp  ♦ h*^  coiui  it  ior.s  of  cool  in  j and 
thct  w ost  d r 1C  control  of  » he  latter,  and  co  nse 'j  ur  n * 1 y , to  impirovo 
their  opif  r.it  i ona  1 cha  r ac' tor  ist  ics. 


The  livorse  variin*-s  ot  t i,p  connection  or  thetniil  ’■tibos  *■  o 
semiconductor  Itvices  ire  oxamined  in  weeks  f2'>,  2h  ].  In  the 

' lM. 

described  [2*),  2f>  ] versions  of  the  connection  of  t p,  p f u,  ^ to 

transistors  the  assembly  of  se m icond ne t cr  devices  irt  is 

/accoir p 1 lahe  1 on  the  external  wall  of  thermal  tubes.  The 

t r ansitission  or  thermal  enet<jy  from  fupi  element  to  thermal  imm*  is 

!«o«ir*»/accomp)l  ish«  1 throuqh  contact  resistance  't  he  housinj  of 

iKi.C  < , 

iristrument  - the  wall  ot  thc/riral  4tt***- . Even  if  we  for  i decrease  in 
W*!“  contact  thermal  r-*sistance  utilize  special  lubrication,  which 

possesses  hiqh  theimal  conductivity,  then  also  in  t(,is  cas‘'  the 
tempierature  differential  durinq  thermal  contact  resistance  wi'l 

‘t 

compost  l‘’g/cm^  'Surface^  at  passage  1 W of  heit  output. 

fMifi 

Thermal  as  Ladia*-or  cannot  decrease  this  U*»»  tomperiture 

V 

differential. 


Thus,  the  connection  of  thermal  Zoomit  to  the  so micon  1 uct or  device 
or  any  other  he  at - 1 eleasin g object  can  be  considered  as  improvement 


•v 


of  radiator. 
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(-^  Lf- 

withiiawdl  t rom  som  i coiid  ur»- oi  device*  to  thermal  daies.  - 


r^didtoi  tak“s  placo:  by  h«rjt  i»ithdrdwdl  by  t hn  a.i  1 con  d uc  ‘ i v i t y 


thiou^^h  the  ciyst  I 1 of  the  i nsti  umen  t ; by  heat  wi*-iidriwtl  ^hrou'-jb 
theriTil  contact  resistance  ciystal  - hoosinq  of  t [-a  ns  i . j-,y 


heat  re^ipovdl  ny  ‘heLntal  conductivity  thio\iqh  thr  mater  ill  of  the 

^ ! 

housing  of  transistor;  by  heat  withdrawal  through  contact  resistance 
the  hcusing  ct  transistor  - the  wall  of  radiatcr  (thermal  . 


This  can  be  explained  by  Mock  diagram  in  Fig.  Ida,  wi.eie 
''t'P  the  therndl  resistance  of  the  crystal  of  semiconductor; 

/•Vop:-  - the  thar^al  resistance  of  t he  housing  of  transistor; 

''’k,  -the  resistance  of , cort  act  crystal  of 

transistor;  Ph,  - contact  r es  ist  a nee  ’t  he  housing  of  t ^ ,n,p  si '-tor 

radiator;  A’n„,  the  thermal  resistance  of  t h^^  wall  of  radiator 


( t her  ma 1 


Thus,  the  mechanical  coru.ection  of  semiconductor  device  wrth 
thermal  <mm*-  makes  rt  possible  to  decrease  cnly  thermal 

resistance  of  the  radiator  iff  - leaving  all  the  remaining 

theitral  re  si  st  a nc»^  pr  e v rous.  This  especially  is  aggravated  in  the 
work  of  transistors  in  vacuum. 
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Fiij-  1H.  Th>^  li-ijiani  of  hoat  w 1 1 fi .]  r a wdl  ftoiii  ut?  m i con  1u  ct  or 

Jpvic«‘  (a);  t ho  1 1 a ji 'i of  st'T  if:on'1  n<'t  oi  'iio<io  (b):  1 - talia*-or;  2 
housing;  1 - crystal;  thp  if  1st  i ibu  t ion  cf  t pntpprat  are  (c)  - 


The  i n*  ons  i f ira  t i on  of  the  process  of  heat  exchanjp  is  ichiev('j  hv 

the  tact  that  coo  1 1 nj  ue  1 elt  nient  is  r ea  1 i ze^cgaai  il  by 

' % 

evaporation  ot  boi 1 in  j ‘ 1 i qu  id  in  the  pcres  of  the  capi 1 1 a r y-porous 


cote,  which  envelops  fuel  oleireit.  Cool  inq^  sen  iconduc*:  ot  devic®  or 


another  source  durinq  its  location  inside  tne  cere  of  thermal 


UL 


mak.es  it  possible  to  feed  liquid  directly  to  th^  wall  of  ♦’he  object 


o\^i 

of  heat  release,  to  distribute  it  evenly  to  its  entire  surface  with 


the  aid  of  capillary  forces.  This  method  of  coolinq  eliminates  a 
series  of  thermal  res  i st  a nceVi  n diaqrait  (see  Fiq.  Ida),  in  par^-iculat 
thermal  contact  resistance  wall  - wall. 
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Ei-^-  10.  Different  foinii;  of  i ri  (ii  ors  ; a)  . the  si  mp  1 i f ie.l  f ot  it  of 

ribbiruj;  b).  moriolithi  c rdiiid^'oi;  c).  hollow  radidtor  with 

V 1 

Semi conducto i device  inside,  coverpvl'  poious  core. 

■'V 


The  s'dpply  of  lijuid  *o  ♦■ho  object  of  heat  ueioase  with  the  aid  of 
cdpillaiy  1 orces  makoi;  it  possible  to  saccoss  f n 1 1 y cool  i ♦■  bo*  h in 
the  ijr  a V it  dt  iona  1 field  and  iii  the  presence  of  vibratiori  anl 
dcce 1 etd ♦ i on s.  The  evaporation  of  liquid  in  the  pores  ot  capillary 
codtin-j  in  thf  absence  of  r cn- c cn  lensa  t le  <jds  makes  i*  possible  »o 
inciPise  ‘he  coefficient  of  heat  exchanqe  as  compared  with  the  method 
of  roolif  f,  described  in  [2*3,  26]. 

Aralojously  ‘he  location  of  fuel  element  inside  porous  core 
posit  ively  njjafc s m wiiit^t  the  conditions  of  heat  ramoval  ly 
boilinq,  ifter  stabilizing  this  process. 


The  arranjtment  of  the  covered  with  porous  material 

:se  Bi  ron  d uc  to  t devices  within  the  steam  chambers  permits  i mpl  emert  ion 

of  a construction  of  airtight  boxes,  filled  rad  i o-e  1 ect  ron  ics 

A 

equipmt*nt,  having  prolonged  guaranteed  life  both  in  gaseous  or  liquid 
medium  and  in  vacuum.  Probably  the  use  ot  individual  thermal 
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loi  kMf'h  ;.f>m  n:  ji:  ) if  t )i  It-vicp  oi  .1  micr  omo  I'll  !(bS  fi'ot  dlwiy?;  po.-^si  b 

^oo  hi'jli  .1  o!  is;-.'mbly  in  r on  1 1«  mpo  i a r y in  s^'a  1 1 1 1 i o nn  di  ! 

/ ‘ ’ A,-  /,  A 7 

1 ( [ d i 1 * u;.‘ . T:* '*h  n 1 1 •>  ) i r 1 1 1 y w nuc;h  siirplpr  co  vei  1;  wi’-h  ♦ h« 

pi  ic*  1 o!i  of  h*'d*  lolodsp  (for  exairpleyiS)  poroii:. 

f, 

1 1 «-<-t  t 1 (•  --oitmi,  tn  •■•X  I u f 1** , proiisiiHj  on  fiborqlir.s  jrids  on  s*pi; 

mil  r o {lit'f-  * hpj  into  tho  iirtani  chambf-r,  partially  filled  with 
ii»lcc*ric  h o 1 1 - <■  f a ns  f ei  a'jenf,  for  example  b-^  Freon,  in  f he  poies  of 


core.  Seen  boxes  cm  have  standard  detachable  joints  with  ♦'heir 

aid  It  is  [lOssiMo  *■  o rapidly  naab  i we  the  necessary  switchinq 

circuit.  The  loca*-ion  of  semiconductor  devices  inside  the  air*iqht 

-stt'dii:  chamfer  or  the  thermal  malces  it  possible  to  remove  ••heii 

metallic  housing  and  to  bare  the  crystals  of  semiconductors.  This 

measure  also  will  improve  the  conditions  of  their  coolinj.  After  the 
V 

pu  bl  i c.i  t i o n '’f  27  ] in  the  American  journal  "Electronics"  f j it  was 
shewn  ' maa  jwii  i that  tho  ana].oqous  method  of  coo  linq  ^'Sem  iconduc  *or 


devices  beqins  t o^  u t i 1 iz^^t'Iie  firm  "TPW  Systems"  (Pedon  Id  Peach, 


</i 

0 


•'4 


Cdlifcinia)  for  coolitij  power  transistors. 


Lit  us  examine  the  method  of  «te»  calculation  of  •’he  intensity  of 

( i 

heat  withdrawal  trora  the  semiconductor  device,  placed  into  vb»  steam 
chamber. 


■A 
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The  itnoiint  ot  he  it  , <rla»%Xjia^ c e m o v ed  tioni  thf^  semiconduct  oi 
,levic:e,  place!  into  the  Rteam  chamher,  am!  also  i*s  jeoraetric 
>1i  inension  o am!  the  area  or  capaeitoi  it  is  fosnihle  to  calcala*-e  froa 
fottiiulas  (I.Mh),  (1.1  <7). 

It  is  possible  to  consid€i  that,  i r.  the  e vapor  a*-  or^ui|mc-i*T»^  of 

Ui, 

the  steam  chanbei  or  thermal  occur  the  bountiary  coniitions  of 

the  2 ml  kiri'l  ^ ~ cc'r’^'  . In  this  rase,  is  absent  the  thermal 

resistance  of  chamber  wall,  since  the  object  of  heat  r^l^ase  is 
Iccatefi  ilirec:tly  within  core,  on  the  external  surface  of  canac  i or , 
there  can  be  lifferent  bounflary  conditions.  Ercra  them  most  typical 
are  the  boundary  con<litions  of  the  2nd  kind  <M  'P,,  ^ cor';'  , althoui^h 

can  be  encountered  also  the  boundary  conditions  of  the  3rd  kind  (a  = 
const)  OL  of  the  1st  kind  9f  'T„~  const) 

Ir  porous  core  takes  t ),o  form  of  ['late  with  the  ndrrgy  d i me  n s i o r,s 
of  ; b and  c (Fii.  20),  then  with  the  assigned 

heat  flux  in  the  zone  of  condensation  o..  (Icundary  conditions  of 
the  2nd  kind)  the  maximum  lenqth  of  cafacitor  is  e.)ual  to 
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»nd  with  t ho  .t:isi  jnod  length  *#  ^ heat  flux  in  the  zono  of 

ccr.de  nta  ti  on 


- ~K 


.,r- 


K-^.cyn'c--- 


But  since  the  aitoiint  of  heat,  isola*-ed  in  evapor  it  or/VnMTi4»^,  is 

> > 

equal  to  the  amount  of  heat,  emoved  in  capacitor, 


c _ 


13.3} 


he  nee 
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where  -''.t  - the  sarfdce  area  of  the  core  above  the  semicontiuctor 

e V ic  e . 
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. I. 
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Fiij-  20.  Versions  of  the  arranyement  of  the  zones  of  -Mr*'  evaporation: 
a)  . e vaporator4!M*ftQg'i  a**r  is  locaterj  above,  below  i*  aflioins 


L £ riii-C f£it- 

r ipiiiii  »p-r;  b)  . a>iiabatic  zone  is  arramjcfl  between  ho 

C t‘  * /i-j^  i j C cy^i^  > 1*  V 

evaporator unr i anti  the  Bayacitot^  c)  . ca4£acit=ac  and 
evaporator^iMaiatTOfca  *»a  are  located  on  mii^-ually  perpendicular  planes  and 


adjoin  each  other;  d)  . adiabatic  zone  is  arranqed  between  ♦'he 

Cc^icr^ k f ■ 

nr-ipn-irnr  tTWitynn  ~r  r and  the 


o.- 

If  the  nteaa  chamber  has  a form  of  cylinder,  part  of  the 

lateral  surface  ^ which  is  f’n  which  is 

assiy  ned,^|kae5»fcfci.b*S' the  constant  heat  flux  «#- 

j 


rr.^n 


1' }{  ^ 


(?,A) 


• n**  t** 


j == 
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of  heat,  scattered  by 


i.  L 
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since  the  sources  of  he<it  release  within  the  steirr  chairhers  can 
be  ar  r an  ti>J  in  different  places,  let  us  examine  several 

versions  of  the  location  of  ♦'he  zones  of  evapor a*"  ion,  conrl  er sa  t ion 
an<l  aliabatic  zone. 


In  ] r a V 1 1 at  Lon  a 1 field  one  should  examine  two  ch a r i c t or  is t ic 
cases  of  the  arrangement  of  these  zones,  if  evaporators 


condenser  and  adiaLitic  zene  are  located  in  one  plane  and  are  united 
by  porous  core  in  the  form  of  [late. 


an!  adiabatic  zone  (Fig.  20b).  The 
core  to  line  of  horizon  is  equal  to  a: 


aheve,  below  i*-  ad-joir.s 
angle  of  a-he  slope  of 


_ '' ! ^ ( c 

— f . ; ; — ~ ' s;  n <p  — 


f?.G' 
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CdSP  2.  Aiidbd^'ic  zone  it;  dCL  anqod  between  e he 

, i'  '! 

evapora  t or>^»apirari  ■ n T and  the  wherenpcr 

ev apo cator,^»r*i^»»»#»r  is  arranged  above  (Fig.  20a) 


2o!“  t’ 


^ 

..  M'Ht  ^--h)  / 


c^L  — A — / ^ \ 

1 sin  cp 


L^JL  (3  7> 

K ■ '■'■'■ 
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Freqii»»ntly  tht*  i ~~  if  nr  it  nr  iTifUhwtii  tt  /ind  _Ui*  [ i ai*  nr  car.  b<? 


a r I a n on  int  erperpr-ncl  icu  lat  plan*^s,  th^  dliabatic  zone  can 

Cc~i  r>-l^  i 

be  1 r r 1 r j-  1 *->1  pit  her  about  m rji  tint,  from  tlir>  sido,  opposite 


from  r~~  1 j i r i " n r |i  m i a nr  or  between  them. 


*t  are 


'located  on  int  e t per  pen  d icu  lar  planes  and  adjoin  each  other. 
Adiatatii;  zone  is  located  trom  opposite  side  »a pm u 1 1>^  (Fiq*.  20c),  0 


one  = 77n«016S 


PAGE  ' 
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2o=  r' 

}H 

f^>K 


f { f V„  ^ V‘* 

- " -'■"'’.In-  -'.7,„,„  / 

: A -f  A,.,)  s;na:h.V„  , -c 


‘•V  'J-\<  "■“''•'flmin/' 


K 


Siijn  ( + ) in  the  secoml  bracket  is  related  to  the  case  when  ct 
and  adiabatic  zone  ate  arranged  in  the  upper  half  of  the  steam 
chamber;  sign  (-) 
arranged  below. 


■t  i 


to  the  case  when  i**a  ra  Bi~>o  r and  adiahjtic  zone  are 


For  the  upper  half  of  the  steam  chamber 


for  the  lower  half  of  the  steam  chamber 


V r ■ /jcr'ps^  COS  cp 


(3.9) 
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If 

^Y,7  . 

n 

is 

ciirva  ture 

■ and 

stained  neqativ*^,  the  lininium  uidius  of 

*♦>  is  located  on  irtei  face  evaporaf  n r 4»*4>frin 7iw  - 
0.  '^2.  Adiabatic  zone  is  arran]«d  between  the 

-K'  ( 


pvapoLdt  or.ikJit  ^ii.i  iriaaiiii:  and  the  us^«wifc«r  (Fiq#.  20d),  0 < a < 90°: 


'‘20’  r'  / 

' >K 

"ntnii*  ,, 


/.  <L  --2I. 

. '"tf  v^-»<  ‘"^''a.3 


-2X» 


r / r O f ■ iS  V ‘ i 


,.n 


\I  ij  _.o/  ._‘'V„  1 v;  / 

\''ii  V^K  ‘•■‘.•’.e.i/  '''..■,,.1,,  '• 
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Here  si^r.  in  ’■.he  second  brdcke^-  has  andlo'jcus  value, 

preceding  case. 


2.  Experimental  study  of  cooling  semiconL^uc«-or  devices 

the  cap  i 1 1 ar  y- por  o u s cores  of  ti***  thermal  jiimmCi-  and  staam 


as  in  the 


, placed 
ch  am  bets . 


This  paragraph 


is  dedicated  to  the  experimental  study  o^ 
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cooliruj  >♦«*■  sem  icon  iiic  toL  ilcvaco^,  ^^Idced  inside  *-h<»Lnial  ind 

covered  with  poro'is  core.  V inventiqatei  thiee  foims  of  raliatoLS, 
havinq  the  identical  coolinq  sui  face:  massive  radia*’or,  radiator  with 
use  of  M»**  principle  ot  ♦ her  iros  i ph  c n ^a  n 1 the  principle  of  ♦’hermal 


As  fuel  element  wis  used  utie  silicon  diode  D242,  hivinq  t iio 
followind  opetatinq  ch  a r ac»  er  i st  ics:  total  powei  V.  S »»’,  the  surface 

art'd  d.2  cw^,  ['g:  m i ss  i h ie  opera*  in  q temperature  to  12D'’C.  Was 
produced  the  calculation  of  radiator  as^t r ans f crmer  of  heat  flux  -W  u 
the  qiven  power  under  notmal  airdient  conditions. 


<TW 

Durinq  the  calculation  the  accordinq  to  the  power, 

tuf’  lia 

scattered  by  convective  heat  e xchanqe, , se lect^  200o/o,  i.e.,  radiator 

must  scatter  2‘S  w.  Accordinq  to  formulas  for  the  heat  flux, 

re  moved  by  convection  trom  the  finned  surface  of  radiator 

X'tatlA'u 

[74,  7*i  ],  it  IS  possible  to  obtain  the  effective  ar<’a  of 

surface  (see  Kig.  14a) 


= F,  - EF^ 


>x\T 


f3.:  n 


350  cm"^. 
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Here  Q is  the  power,  sciittered  troai  the  siirt^ice  of  rddi-itor 
con  vec  t i VO  1 y ; ii  - the  coetficient  of  heat  exchaiite  if  surface 

with  the  Piivironxent  for  s^andarrl  conditions.  It  is  e/juil  »-o  12 
AT  - the  temperature  drop: 

,\r  = r,  — r.  -=S'J— 20=60  'C. 

Taking  into  account  the  mutual  effect  of  f in  i theit-  amount 

is  selected  in  iVir"  4-b  with  the  length  of  f i n#»i^  16  mm.  The 

general  view  of  massive  radiator  is  represented  in  Fig.  19b. 

If  we  assume  the  absence  of  the  convective  heat  removal  from  the 
external  surface  of  radiator,  then  according  to  diagrams  [76]  it  is 
possible  to  calculate  the  power,  removed  by 

eniission,^wrt~nir 

w 

Ea-ge — tt7. 

during  uniform  warm~up  to  R0®C  radiator  can  scatter  8 W,  while  during 
warm-up  to  100‘’C-10.2  « into  unlimited  space. 

i 

( 

It 


i 

I 
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On  t ht*  basis  of  ♦■hat  which  was  stated  above,  the  iveraqe  density 
of  the  heat  flux,  lemoved  flora  the  surf  tee  of  raiiitor  by 
era  iss  ion  i«ii  and  convection,  will  be  equal  to 


^ - 


0.093 


W/cra  2 


C?.  12’' 


Averaged  raaxiiiura  heat-flux  density  from  the  surface  of  *^he  diode 
mt  Ct  V/cm^.  Thus,  the  •»  V ^ o ^ <a  1 *:  r aiis  f orma  t i on 

ratio  of  heat  flux  for  this  radiator  is  equal  tc 


n = 


03.:  3) 
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Thp  virvw  of  riiiia^'ors  is  t opresentf^'l  in  Fi).  b,  c. 

Thp  third  t y of  radiator,  which  us*^s  principle  ot  thfrnial  tnir,  is 
the  radiator,  shown  in  Fiq.  14c,  internal  surface  of  which  and  the 
surface  f)t  iiod*-  were  cover^(BL»«rt*t»4  with  ca  p 1 1 la  ry- por  ous  core.  The 
relation  of  ‘vaporatoi  rTn  [in  riiif  i ami  — is  epial  to  f>.b. 


S+ructuidl  calculition  of  the  second  and  third  type  of  radiators 
included  ♦•he  selection  of  workinq  fluid  and  the  ca  lc:ula  ion  of 
capillary  porous  core. 


The  selection  ot  workinq  fluid  was  conducted  from  the  followinq 
considerations;  1).  inertness  with  respect  to  the  materials  ot 
equipment,  core  and  chamber  walls;  2)  . the  adequate  boiling  point  anl 

kt.J 

the  high  value  of ^heat  of  vaporization;  1)  . low 

taafci(A**fc^M<**^***H»*«**^v  i scosi  y ; ti)  . surface  tension  must  be  sufficient 

tor  the  lift  of  liquid  on  coro'is#.  chamfer  operation  against  <-he 

A. 

forces  of  gravitation;  b)  . thental  resistance. 


with  heat  removal  from  the  open  in  electrical  relation 
workinq  fluid  must  have  high  dielectric  properties. 

Uaijc  -tl8 . 


The  fundamental  characteristics  of  workinq  fluid  are  Bond's 


UOC  = 7708016')  PAGF  ^8* 

criterion  Ro  = pigL^/o  and  Kcontz'  cha  r acte  t is  t ic  parametet  [61  N’  = 
pr*o/M.  The  criterion  Bo  is  the  relation  cf  the  forces  of  gravita'-ion 
to  capillary  forces  and  characterizes  the  ability  of  liquid  to  move 
over  core  in  the  g r a v it  at  lona  1 field.  With  optiniuiii  selection  of 
liquid  the  value  must  he  rainin'um.  Koontz'  par  a iret  t-T  n is  the  complex 
characteristic  of  liquid  when  using  it  in  thormal  tube-  The  optimum 
selection  of  liquid  is  determined  by  the.  adequate  boiling  poin*"  and 
by  the  maximum  value. 

The  selection  of  capi  1 la r y- po rous  core  entails  the  d o te rm i na t i on 
of  the  maximum  o f the  elevation  of  liquid  from  Jurin's 

formula 


.O’  ' 


(R.!4) 


and  of  the  coefficient  of  permeability 


K = 


(3.15) 
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Th“  corf',  uso'i  in  thermal  tul.'os,  n;nst  bo  dioloctric,  ;i  ii  w r-^ 
liquid  ajdinst  the  forcer,  of  yravitatioii  to  the  hoiqht  of 

qreater  than  the  lpn<jth  of  tube.  F u 1 1 he  r irore , the  core  mur.t 
have  a mininun'  of  Mn»  flow  resistance,  i e.  , hiqh  |<.  Th"'  Irat^rw/hest 
core  for  i pp  1 icat  i on/*s«  under  these  cord  i»- ions  is  the  uackaje  of 

/.l<  . 

parallel  s.  Usually  as  cote  are  applied  the  sint-'red 

1 1 A i»  HI  «»-w » s , powders,  jrids,  differon’-  fairies  and  cerannej^. 

.Jcut^H’-giVspaci  fic/»aictvmi  calculation  oi  core  for  a ra1ia*-or  for 
the  assiqned  power  consists  of  the  folic/  inq;  the  mass  fluid  flow  in 
cote  IS  c.rlculatei  from  formula 


AO-A044  667 


UNCLASSIFIED 


FOREIGN  technology  OIV  MRIGHT-PaTTERSON  AFB  OHIO 

heat-transmitting  Tubes* (U) 

MAR  77  L L VASILYEV*  S V KONEV 
FTO-IO < BS) T-OlBB-77 
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Pot  fibetqlriss  materials  t K»  porosity  is  usually  o]ual  to 
60-70O/O  and  tho  velocity  of  the  motion  of  lijuid  at  the  maximum 
1 ‘a-ii  tf  of  absorption  16  cm.,  at  height  4 cm,,  is  emoi  r ica  1 ly 

1 ■ y 

obtained  eoual  to  0.05  cm/s.  Area  is  calculated  from  formula 


— 0,5  c.v®, 


whence  the  thickness  of  core  we  obtain  equal  to  O.d  mm. 
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The  work  of  thernidl  Ai !.»«»-«  /not  only^t-he  supply  of  liquid 

into  the  ^one  of  evaporation,  hut  also  heat  supply,  sinof'  durinq 
adverse  heat  supply  in  porous  core  appears  the  crisis  of  loilinq, 
which  will  entail  a decrease  in  the  transmitted  power  ani  an  increase 
in  the  tempeia*-ure  of  hea^'er,  in  consequence  of  which  increases  p. 
Therefore  the  heater  it  is  expedient  tc  place  into  core,  since  this 
improves  h^a*-  removal  from  heat  surface. 


for  the  stuiy  of  this  process,  was  carried  out  th«  series  of 
experiments,  consisting  of  two  staqes,  Durinq  the  first  staqe  were 
carried  out  the  investigations  of  the  transport  properties  of  core 
with  the  maximum  heat  removal.  For  this,  the  heater  was  placed  into 
core  with  the  previously  obtained  characteristics.  The  experiment 
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show*=>(}  that  fhp  Jesicc.ition  ol  core?  «ii’'h  >i  thicknosn  0.4  mm  occuiit*!! 
at  0 = 40-S0  W ami  hoat-flnx  density  J W/cm^.  With  an  inirryase  in  tho 
thickness  of  corf?  to  1 ram,  the  dosiccati'n  cf  core  Imjin  with  o = 
2fl0-2')0  W.  Thus,  tl.  f calculations  obtained  expet,  i inent  al  cont  ir  mat  iof'. 

The  second  staje  was  the  experimental  study  of  heat  withdrawal 
durinj  hf>at  supply  throuqh  the  wall.  The  experiment  showed  that  the 
crisis  of  hoilinj  appears  at  considerably  less  hea*^-flux  densities. 
With  an  increase  in  the  heat  flux  up  to  txWw  calculated,  stronqly 
increases  the  temperature  differential  between  the  heater  and  the 
liquid,  which  as  the  final  result  leads  to  increase  in  P.  This  lowers 
the  effectiveness  of  the  use  of  a thermal  tube. 

For  a comparative  in  vest iqat i cn  of  different  tyo“s  of 
transformers,  was  ma'le  the  experimental  i nsta  1 1 at  ion,  which  is  titee 
chamber,  three  different  radiators  and  mon i tor i nq-mea sur i n q 

V 

equipment.  The  diaqram  of  experimental  set-up  is  depicted  Fiq. 

21.  Installation  made  it  possil le  to  produce  in  vest iqat ton s under 

different  ambient  conditions.  The  inspection  of  th‘»  t“m  per  a*’ ures  in 

the  different  points  of  radiators  was  conducted  with  the  aid  of 

copper-const  ant  an  thermocouples.  The  lay-cut  diaqram  of  thermocouple's 

is  qiven  in  Fiq.  19b,  c.  The  mean  error  in  the  measurement  of  the 

temperatures  in  steady  state  was  0.2®C.  Power  input  was  con*-rolled 

with  maximum  error  O.OIo/o. 

A 


wl 
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Fiq.  21.  Ex  pet  im^»n  t .1 1 i nst  a 1 la  i on  fot  the  xn  vest  i^^at  i on  of  the 
(liffetent  forms  of  radiators. 


P»«T^*^1 . 


After  the  installation  of  diode  into  the  small  chambetj^  filled  the 
necessary  amount  ot  water  and  from  the  chamber  it*  was  forced  out  air. 


Tests  on  massive  and  hollow  radiators  were 
heatex  tages  was  supjlied  t-fe  power. 

If*. 

atS^'^staqe  was  supplied  after  establish 

stationaty  distribution  ot  temperatures. 


oonductei/^r]nal  ly. 


each  followinT 


To 


Ex  per  im»*nt  al  results  are  given  in  Fi<j.  22,  21.  d u r i n g 

experiments  was  the  temperature  ot  the  hea  t-re  lea  si  m crystal  whose 
value  was  determined  from  readings  of  thermocouple  1 for  the  diod^', 
eer^w  b t i ns  t a 1 led  on  massive  radiator  and  thermocouples  ^ for  the 

diode,  placed  into  the  hollow  chamber. 


In  fig.  22  is  demonstrated  the  dependence  of  the  tpi^ppi-^t  ure  of 
fuel  element  from  the  applied  power  fot  the  different  methods  of 


hea t r»  mova  1 . 
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fosirion;  2 - i n hnr  i zon  d 1 [losi^-ion;  1 - in  inverse  position;  4 
ilioile  wi»h  mdssiv?  rdOidtor;  5 - dioOr  with  hollow  rddi.itoL  in 
invertfil  Mi i»t> i ’position;  h - ciiod-^  without,  radiator. 

Kfv:  ( 1)  . w, 

^ . 


The  us<^  of  witei  as  i n t ermod  ia  ♦ o h<>at -t  ransfou  aqont  made  it  possiMe 

by  more  than  'iOo/o  to  increase  the  *Jwt£aafcyreniovGd  power  without  an 

increase  in  the  operatfnq  t erapciat  ure  cf  se  ttiiccnd  uc  tor  liode,  and  at 

power  12.')  W its  tenperatiire  was  lowered  b*  1 0°C,  which  improves  its 
t 

electrical  cha racterist ics  and  raises  the  reliahility  of  work.  An 
increase  in  the  effectiveness  of  heat  removal  is  achieve!  by  a 
reduction  in  the  resistance  of  heat  transfer  from  the  heat -re  1 ^as i nq 
crystal  to  the  wall  of  radiator. 


Fiqure  2J  gives  values  R in  temperature  dependence  of  heater  for 
massive  and  hollow  radiators. 


At 


temperatures  in  hollow  radiator  evaporation 


nonintensive  and  the  heat  transfer  is  (6i»i*»^accompl  i sh?i  in  essence 


by  thermal  conductivity  of  liquid; 

mo-  .’ve  rndletor  fias  f ('fe, ' i veness 


therefore^  the  initial  section  the 

1 

oven  scniowliat  shove. 
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Fiq.  2J.  Value  in  t-emperatuie  (it'pendence  of  h«aFe>c  for  ♦'he  massive 
and  hollow  radiators:  1 - F = Ti-T,/Q;  2 - F = T5-T7/Q;  d - F = 

7^-TJ/C;  4 - F = Tj-T^/g. 


|*V 

Thor,  with  an  increase  in  the  terrperatur«  of  h «a  ter  iqu  i ;i  beqi  ns  ever 
ircro  in tPh sf>'/to  b?  vaporized  and  the  effectiveness  ot  evaporative 
system  is  raised.  F iq.  2 3 qives  chanqes  in  thermal  resistance  R,  = 
T5-T7/Q,  = Tj-Tj/O  and  F,  = T3-T7/Q.  From  examination  it  may  fio 

concluded  that  at  these  powers  a system  of  the  ’■ype  of  ♦•hermal  tube 

< Vn 

works  still  nor  by  the  most  effective  form,  since,  obviously,  optimum 
will  be  this  position  in  which  R?-R3  is  minimal.  This  will  determine 
the  oprimum  workinq  temperature  ot  device.  Near  this  poin*- 
evaporative  system  will  work  in  the  .iwui^y'co  nd  i t i ons  of  th.er.mal  tube 

and  thermal  resistance  between  the  • "ng'  heat  in  q and  the  r^^*io  of 
condensation  will  be  neqliqitle. 

Introduction  to  the  chamber  of  capil 1 ary- porous  core  makes  it 
possible  to  orient  it  in  any  direction.  Fiqure  22  qives  the 
dependence  of  the  temperature  of  diode  <£•»»  the  applied  power  for 
three  different  orientations.  Fven  in  position  with  heater  above 

hollow  chamber  with  core  aibtr^yb^re moves  heat  from  the  heated 
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caitfi/elti'iri'n  t bettor  thin  indEsive  raOiatci'.  A anfficieptlv  po¥<-'i-fiil 
char.<^e  of  the  characteristics  depenOincj  on  orien*’ation  ran  b« 
explained  by  the  loose  tit  of  core  to  the  surface  of  lioie.  But  also 
in  this  position  the  e £ f ect  ivcMiess  of  hea*-  withdraw  il  when  nsinq  a 
principle  of  thermal  tube  is  hitjher  t ha  n ''i^^raa  ssi  ve  riiiator  (Fio- 
22)  . 


The  location  of  fuel  element  inside  tate  makes  it  possible  to 
avoid  the  appearing  in  fine  vacuum  influence  of  contact  resistance. 
The  experiments,  carried  out  in  vacuum,  shewed  th°  influence  of 

t(»r  cortdct  resistance,  appearintj  between  the  diode  ani  the  radiator. 
The  effectiveness  of  the  work  of  radiator  decreased  1.5  tpuios,  and 
hollow  radiator  with  liquid  - 1.2  times. 

The  (>  xpet  iment  s conducted  [rove  the  ailvantaqes  of  heat 
withdrawal  from  the  heated  le  ment  s,  placed  inside  ♦'he  porous 

core  of  tube.  By  utilizing  this  principle  of  cool inq  semiconductors, 
it  is  possible  to  considerably  lower  the  operatinq  tompe-ra  ture  of 

1 erne nt  find  thereoy  to  raise  the  stability  of  its  work.  During 
practical  a ppl  ica  t i on>lBa«  important  value  acquires  the  weight  of 

equipment,  a contemporary  level  of  develcproent  ^radio  electronics, 

i 

with  increase  in  the  emo  ved  heat  fluxes  the  cooling 

radiators  can  have  considerably  larger  4 weight,  than  most  cooled 

i> 

construction.  Hollow  radiator,  utilized  in  experiments,  1.5  times 

\ 
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liijhtei  *h.\ti  the  solil  cne. 


Thus,  ‘hp  loci*i'>r.  )f  the  hr'ut -rel  »>js  i n'^  systems  into  thermil  ♦■uhns 
with  lijijit,  h»*:iles  an  improvement  in  ■^he  *-erap erasure 

ch  di  a ct  oi  i.,t  i.-‘. , will  aakf  it  [ossihlo  to  consirierahly  lower  »otal 
cors^iurtion  •••i/.’*,  i n 1 c t r 1 1 J a t y - porous  core  al  1 freedom 

in  the  or  ren  1 or  or  ♦he  iioltd  systeir. 


1.  Cryogenic  tnermi 


The  experimental  study  of  the  parameters  of  cryo'jenic  ♦hermal 
Mtm*-  with  the  use  of  liquid  nitroqen  as  h oa t- 1 1 ansf er  iqent  is 
descr  ihed  in  work  fSfl,  9H  ]. 


The  maximum  heat 
dccordinq  to  Kutter's 
possible  to  find  from 


flux,  transferred  alonq  cryogenic  thermal 
theory  [ll,  with  sone  ass umpt ions  [31]  i’’ 
formula 


i 5 


DOT 


770')0  1h5 


1 


PhC,?. 


whnie  I'  is  « coef  f ic  i<=>  nt  of  pel  mori  btiit  y ; - the  inside  radius 

of  wall;  ^ effective  radius  of  pores;  effective 

I capillary  radius  for  a fluid  flow;  ft  im  thiclcness  of  porous  core; 

- the  criterion,  which  chara ct or i/es  the  transport  properties 
of  1 i qui d , 

The  tjradient  of  temperature  is  determined  from  known  heat 
transfer  rate  and  the  thermal  resistance  of  the  core,  filled  hy  the 
liquid: 


'?T  <7  f') 

''v 
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DDC 
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The  effective  theEtjal  conductivity  of  the  porous  core,  filled  by 
liquid,  can  be  accordinq  to  fctraula  frat  work  ['>9') 


/ is  the  basic  dimension  of  tht'  pore  of  porous  material;  L - the 
overall  size  of  the  unit  cell  of  porous  system;  />  = 2A  - t he 
thickness  and  the  width  of  the  rod  of  the  solid  skeleton  of  cell; 

A'„  - the  coefficient  which  characterizes  c oh  esion/WWw  t he 

■icroroughnesses  of  two  adjacent  particles;  /.p  , - the  thermal 


Dor 


770'»0  1^)"’ 


nr  ^ 


con  due  1 V it  y of  j,i3  iricrotjap:  '-c.t  - + he  thermal  r ond  net  i v i t v of  thr> 

skeleton  of  porous  m.iterral;  contuct  thermal  con  due*  * vit  y ; 

■‘m  - the  hei 'jht  of  microrouqhnesser, ; ‘-r  -the 

coefficient  of  the  thermal  conductivity  of  jas. 

For  the  thermal  of  rTkflnt  rmfr/  i tit  1 r i i M r qeome*-ric 

/ A 

pardmeters,  t!.e  ij.^p  of  different  liquid?  will  leal  to  the  fact  that 

■ K' 

the  niaximum  heat  flux  var.ifc^n  pioporticn  to  a chanje  in  and 

' of  core. 


I 


For  the  assiqned  heat  flux  Cmm  • of  different 

liquids  will  leal  to  tno  fact  that  will  have  to  chini*-*  •’he 
dimensional  characteristics  of  core,  ii  pa i t i c u la r , its  thickness  ft 

't~  ( f . . . y . 

inversely  oroportional  4 t^he  use  ditter^•^t  liinid  d*  will 

lead  to  change^  dT/dy  due  to  a change  in  . This  can  he 

reflected  hy  the  term  <«•  * 


From  the  aforesaid  it  follows  that  the  cryogenic  thermal 
not  in  state  to  transfer  large  heat  fluxes,  furthermore,  in  them 
cccur  high  gradients  of  temperature. 


Thus,  for  instance,  in  work  f58]  the  temperature  differential 

Zei  f 

along  nitrogen  thermal  dw**  was  20°  during  the  transmission  of  heat 

H 

output  20  a.  In  work  [2]  the  temperature  differential  on  freon  (Freon 

A 


-w 
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22,  Fr*ci;-11)  rherial  wai'.  <0®  iuiinq  the  tL  annms.sion  of  heat 

output  1 ■■)  M.  Coi.se  ] ijen  t 1 y , for  c:ryo<jenic  theimal  is  no*- 

ap  pi  i call  1 r the  concep*  of  isothermal  (ievice,  as  ♦'his  i.s  issumeii  to  b'» 
ir  Kiittet's  theory  [h,  H, 

iu.  ) 

The  opera*-inj  tern  per  a*  ure  of  cryogenic  thermal  can  he 

located  wi'-hin  tompera*-ure  iar<ie  betwetr  the  tempera  *•  u re  of  triple 
point  and  critical  tem  per  at  are.  For  cryojenic  liguids  *-his 
temperature  range  is  sufficiently  narrow. 


Thus,  for  instance,  for  liquid  nitrogen  it  is  61°K.  Con seq uen* 1 y , the 
dependence  of  the  properties  of  liquid  cn  temperature  must  b« 
considered  during  the  analysis  of  the  transport  properties  of  thermal 


iHiii t*» . The  values  of  the  coefficient  of  surface  tension  a and  of 

i<< 

thc'rmal  cond  ui:t  i vi  t y x liquid  nitrogen  change  in  the  range  of 
temperatures  from  70  to  R0°K,  from  10,  “id  to  R,  27  dyn/cin  and  from 
1.‘j2«10*  to  1.J6«10*  erg/cm.  At  the  same  time  a change  in  the 

w w ^ ^ ^ 4.  .1^ 


properties  of  vapor  phase 

imf  or  tarice. 


.tempera*- ute  does  not  have  vi*^al 


In  cryogenic  thermal  the  pressure  differential  in  vapor 

phaso^always  less  than  the  pressure  f3  i t fererit  ia  1,  which  appears  as  a 
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cpsult  of  »ho  iction  of  capillary  forcfs;  however,  for  siirplicity 

ot  then  analysis  can  be  consiiierci  equal  each  other 


\P„ 


h?.20^ 


t he 


\ 

according  to  the  equat 


temperature  differential  in  vapor  phase, 
ion  of  ii,  1 awr  i uaa  - Clapeyron, 


_ i'T 

AT  = • - — . 


(3.2;} 


The  value  of  A7'„  is  usually  low,  since  and  • are  snail, 

but  p and  r*  are  great.  Thus,  for  instance,  for  the  saturated 

nitrogen  at  atmospheric  pressure  -oA  =J'5  tij  a;'"„  0,03  °K 

fo.  the  determination  of  the  special  f ea  t -of 
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thr  (i  ist  r i hu  *•  i or.  ot  t e m pet  a t.  iir  c fieli  in  ♦'he  core  of  the  cryojenic 
tht'cm.il  tube,  which  h-t.s  lifuiii  cooler  in  the  zone  ot  e * t i ti^.,  was 
md<ie  experinien<-al  installatior  (Fiq.  24).  As  h >at  - 1 r a n s f er  a^ept 

theriral  tubes  were  selected  w»u  Freon-22  and  Freon-11,  possossinq 

low  thermal  conductivity  and  hiqh  viscosity. 


tjy^ 

Thermal  *•»*  had  the  followir.q  parameters:  1 en  it  h 1.H  m; 

outside  diametiiL  - 14. "j  mm;  the  wall  thickness  of  tube  - 0.21  mm 

twt/ 

(stainless  steel).  In  imm*  was  located  porous  core  from  glass  cloth 

3.5  mm  in  thickness.  Its  characteristic:  and 

h ■ ‘ , The  utMiinr  ct  ion  ot  temperatures  is  conducted  by  ♦ he 

differential  copper-const  a n ta  r.  t her  mocoupl‘^s,  stuck  on  the  surface  ot 

tube,  and  by  the  copper  thermometer-resistance)  located:  on  t!ie 

surface  of  li tr~^  and  within  core  m the  zones  of  evapora*^ion  and 
•1 

condensat ion . 
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Fi>j.  24.  DiijiAm  of  e x por  i men  t ri  1 i list  rt  1 Idt  i cn  tci  * hf'  "^tuiy  of  t h<> 

/ii  t<<'  '■ 

1 ow- t en’ p(>r  at  ur  o thermal  'rt— » i 1 - tank  with  liqiiefioi  iin;  ? - 

t he>rinostdt  ; J - Vdcuuin  chaoiher;  4 - t h<^  in  vest  iqat  t- 1 ; 'j  - 

1 ow- r osi  St  a noK'  |'ot  on*- i ometei  ; 6 - the  Lecorilinq  po*- en  t i ome  *■  e t ; 7 - 

the  source  of  power;  B - vdcimm  qauqp. 

4 ^4^ 

Furthermore,  the  teapera^-ure  ;aai>T  in  the  zO[ie  of  evaporation  is 

measureii  hy  thermistor.  For  the  elimination  of  the  convective  hea’’ 

exchanje  between  the  surface  of  tube  and  a he  environment,  the*  t ufie* 

was  placed  into  vacuum  seal.  In  vacuum  she*  1 1 is  supuorte*ri  the 

e 

iQi>ace»at-i^a>^ratefact  ion  10“*  mm. 

■1 

WeLf*  carried  out  the  calculations  of  t h<?  hea  t - 1 r a nsmi  t t in  q 

Ll, 

ability  of  -i >i<it  accordinq  to  Kutfe[»s  formula  [ 1]  with  its  fillinq 
with  different  liquids.  It  turned  out  that  tl>e  qroat-ist 
heat-t  r.a  nsm  i 1 1 i ng  ability  possess  water  and  ammonia,  and  the  smallest 
heat  fluxes  it  is  possible  to  transfer  when  usinq  Freon\  But  ammonia 
has  a series  of  de  f ici  enc^pj|(iaBltoi,  which  impede  its  use.  It  is 
poisonous,  requires  special  instrumentation  and,  furthermore,  it 
reacts  with  some  metals.  Water  cannot  be  used  at  minus  tern  piera  tut  es. 
For  experimental  study  as  heat -t ransfei  aqents,  were  selected 
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Fft'or.-n  aru}  t-'reon- 22.  Calculations  irccriliiri  tc  for.mil)  ( ).  17)  qavo 

the  values  of  the  niixianiiti  t lanstei  i e<l  heat  output:  for  Freon-11 

<i  at  IQo  C and  tot  Frf*on-?2  Vp,.. , - M-’''  W with  loor. 

• ' r y < <;  f.  i.'i  <■<- 

The  calculations  are  the  t eni  pe  ra  ture  of 

th€'  hea  t - i nsu  l.a^^  zon-^.  It  is  i.ecpssary  to  nctp  tha"  th'>  maximuit 
transmitted  poaer  increases  with  lowpiincj  in  the  o()eratir.q 
temperatuie  of  tube.  Meat-input  with  e tn  is.s  i onytrtmA*  mmom  to  t h' 
surtacp  of  tube  dependinq  on  o[>eratinq  temperature  vines  from  4 to 
1 . E w . 


Fiqure  2^  qives  the  d i st i i hu t i ons  of  temperatures  alon i the 
length  of  tube  for  the  different  transmitted  powers  inJ  slope  anqles. 
As  workiiq  liquid  serves  Fieon-22.  In  T~ip  was  supportel 

temperature  -2'’<‘’C.  The  temperature  differential  near  s i almost 


completely  detarniines  entire  temperature  drop  along  transport  zone. 


Fij.  2f)  r^l'Cesents  the  experimental  dependencf's  of  the  operatinq 

O'  >1 

temperature  of  t no  tube,  filled  by  Freon-22  and  Freon- 11,  the 

applied  power  at  different  slope  angles.  In  a hori7.on*-al  posi*  ion  t hi-* 
maximum  power,  transferred  by  tube,  is  equal  to  K),  i.  ».,  almost  2 


t imes 

f 

pamt  d 


more  than  it  follows  from 


and  the  temperature#  measured 
surface  of  tube,  are  close  to  each 
anqles  of  tsfcr  slope  of  tube,  which 


lr..'Uietion  oV  nd1at:et,ic  zone. 


Kutter's  forirula.  Tenpe  ra  t ur  e ^^t  he 
in  a series  of  points  on  the 
other  in  the  case  of  the  positive 
indicates  qood  thermal 
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Fi').  2''.  Thp  il  i r.t  L i f»i  r i on  of  f fnippraturo  -ilcu'}  the  Ion  h of  f ho 

or  u 

♦iibe,  which  uses  Freon-22;  1 - * = ♦S”;  2 - a - 0:  1,  ^ - *^he 
e IT  pe  ta  t lire  of  ^ li'}uii}  in  coi  e in  •’he  zone  of  e va  pora  io  n ; S,  f>  - 
♦emperafure  in  fhe  zone  of  evapor  ion  . 


Xe  y : ( 1 ) . w. 

;jS,  rhe  work  of  tube  in  a horizontal  position  {•f>  = 0)  the  vapors 
of  working  fluid  are  considerably  overheated  relative  to  the 
temperature  of  tho  wall  of  tube.  This  cverheatinq  reaches  10®. 

Fiqure  27  gives  the  dependences  of  the  working  teir.perat  ure  of 
tube  and  the  teisfierature  differential  along  transport  zone  as 

function  of  the  temperature  of  liquid  in  the  aayaa*4^w»-r  of  the  tube, 
which  works  at  positive  angle  of  S4m  slope  with  apf  the 

transfer  rod  on  tube  heat  output^  20  H. 
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Fiq.  2b.  Op  (iptidpn  CP  of  opptdtiiic)  cmpe  i tt  u re  power:  1 - <t  - 

♦ 5°,  working  fluid  Kceon-/!2;  2 - a = ♦2'’,  Fr"on-22;  ) - i =0,  Freon  - 

-tYy-  >.  L 

22:  <*  - d = 0 , Fteon-11;  5 - the  t p j;  ^ ,jf  u ^ e 'rWii  ^ i n the  zone  of 
evapotd  t ion. 


Key;  ( 1 ) . , . 


Fij.  27.  Dependence  of  operitimj  t<'mper>tuie  (1)  mi  of  eirpordt  ucf- 

■>o 

differentijl  .ilon<}  trdnr.port  zone  (2)  t mam  the  teititv.'rd  t ui  = of  liquid 

C’c'CfC.'ikat  i,  , 

i n . ' 


gdde  . 1-Q-U 


I* 

by  d n increase-  in  the  temperature  of  i.i » nr  it  was  possiiile  to 

raise  the  effective  thermal  conductivity  of  t ul e almost  2 tim^s,  in 

this  case  considerably  increased  the  temperature  of  the  surface  of 

.1-  1 

tube.  A further  increase  in  the  temperature  of  tw^aai  fctii  turned  out 
to  be  impossible  lue  to  too  hiqh  an  operating  pressure. 

Fteon-11  in  its  thermophysical  characteristics  is  close  Freon- 
22.  Py  It  is  possible  to  explain  the  tact  that  the  dependences 

<.1>A 

cf  temperature  iaa*  transmitted  power  tor  the  tube,  which  uses  as 
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hpfi  t - t r 1 IIS  f e r Fr*on-11  ai.ii  Fieor-22,  tjkr  hf  siine  foi'n  (sMf* 

Fi^j.  2S)  . C'lives  dT'"  obtdir;p(l  <it  i'lontical  positivp  sIopp  <injlp  ar.f1 

i*  ,•  >v  ,t  *'rL  J./'..  , 

thf  iiipntinl  t p*>  la  t ur  ps  of  . Tho  oforatinj  tompor  i r lues 

/ /,  , 

ot  tubr  ^ b»  i by  a ppro  x i :na  t ci  y 10“. 


t 


It  is  fipcpssary,  however,  to  consifler  that  .hirinj  thp 

r pp  1 d Cf.*mon  t or  Frpon-2.  by  Frecn-11  tie  oper.itin'i  pross'jrp  in  ‘nb® 
/•■*  f >n 

iescr n'1  s‘' 15  to  1 atit.,  which  raists  rPlidbili*-y  uni  tho 

sdtety  of  tho  work  of  therir'al  tube. 


On  tho  basis  of  the  ex  f>er  i non  t s conliictel  it  is  p.jssi  M e t-o  mak> 
tho  follfiwinj  conclusion,  whoi.  usin;j  in  thorinal  ■luc*'s  as  tho 


boat- trans  for  a<jor.  t >♦  MfeKo  liquids^  which  possess 
conductivity,  in  tho  >et>* ''  i tet*»,  of  theintal 


t h op  ma  1 

occurs  an  essential 

toirpotature  drop.  This  is  correct  in  the  presence  of  fci»'  hioh 


coot  t iciopit  of  heat  exchanqe  or.  the  extopnal  surface  of  thermal 
in  tho  zone  of  rond eiisa t ion. 


f 'i  J 

With  a ten  per  a t ur  e iecrease  in  the  heat  exch.jnjer  ot  |Mt*i  t iw  p 
increases  the  temperature  drop  in  deteriorate  tho  workinq 

conditions  of  thermal  iiif^  The  published  in  tho  litoiatupe 
equations  for  detot min inq  the  maximum  heat  output,  t pansf e rroq  on 
low-t  emperatui  e thermal  considerably  differ  from  the 


ex  pet i men td 1 1 y determined  values. 
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Tho  theiiT^l  tuSt^r.,  which  Ui3^‘  hc.it, -•■  i d iin  fo  r i^cnts  Frcor,  ci^.w 

Le  rccomino  nJp.i  for  cooling  everyday  coolers,  and  also 
r ad  lo- elect  ron  r c equipment  with  comparatively  low  heat-flux 
densities.  Freon^ar?  chemically  iner*:  and  dc  net  interact  with  ‘he 
materials  of  tube  and  equipment.  From  the  comparison  of  t^r  work  of 
the  ^ ube,  which  uses  Freon-22  and  Freon-11,  rt  is  possible  to  MAmfet-t. 
.idvantage  to  Freon-11  from  the  considerations  of  the  safety  of  work. 

Py  a change  in  the  characteristics  of  cere  and  by  a cor,  tract  i mi  in 
length  of  + ube  it  is  tJossible  to  considerably  increase  the 
transferred  heat  fluxes- 

Large  prospects  have  cryogenic  thermal  when  usina  them  as 

S 

thermal  k e y in  cryogenic  electric  power  lines  and  •‘itc 
super  coiidu  ct  ing  electrical  machines  and  solenoids.  In  ’•his  rase  can 
effectively  be  utilized  bo*- h the  thermal  and  r her  mos  i pho  ns  T 

Dfl  ]- 

.1 

Interes*'ing  possibilities  foi  using  cryogenic  thermal 

in  medicine  and  biology  [ 101,  lOd]. 
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4.  CoiXldl 


i uf  > r 


-tLi-U-x 

Ir.  a nunbeL  of  cases,  theLinal  iUttrn^.^  can  effectively  be  used  as 

theriPdl  transformers  for  the  t*«s«wsfc/pu  r f ose  of  concentration  or 

'/Tat*- ' 

deconcen ♦ ra t ion  of  heat  flux,  the  con  cent  ra  t ion  of  ttfiw  heat  flux, 

brought  to  the  ear  tb*<H;8>i»tyiii1  by  solar  radiation,  makes  i*-  possible  to 
create  effective  electric  power  sources  (thermoelectric  batteries), 
to  heat  water  in  heat  exchan>jers.  The  concent  ration  of  the  thermal 
radiation  of  Sun  or  other  sources  of  infrared  (thermal)  radiation  can 
be  rr  1 1 i ~r"|(ii-|irttil  i ilici  il  both  with  the  aid  of  . %i>e  optical  means  and 
with  the  aid  of  thermal  transformers  of  the  tyj.e  of  tire  thermal 


Dor 
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•«'  L I 

and  steiBi  chair  tiers.  Ttu'rnial  ra  ns  f cr  mo  r s tho  form  >f 

(j  ^ 

therir^]  i >i«*>  i ind  stoam  chair.tu'is  can  b<’  utili7.fd  not  only  for 
putposos  of  tho  confront  ra  t ion  of  tho  thoriral  radiation  of  thf>  Son, 
but  also  for  the  concen*^  rat  ini;  of  boat  rlux,  i awt  n > for 

example,  iy  isotopic  radioactivo  um  £t/’r  lo  mo  n t s ^et^c . 


fir**  ^ven  jreatoi;  a pp  1 ica  ion^fj^iK*'  thoimil  transformers  can  find 
as  the  moans  tor  the  d oconcer.t  i a^  i on  of  fioat  flux,  which  is  very 
importan*  for  coolinq  a series  of  hoa t - te leasi nq  objects. 


Tho  (foconcen  t r at  o rs  of  heat  flux,  or  peculiar  o.nirters,  were 
widely  applied,  for  example  in  space  techneloqy  where  ’’he  hea*- 

in  essence  by 


wi’-hdrawal  into  the  environment  is  realize^ 

, /.i  > 

eVtoM«c?’ra  liat  ion . The  thermal  and  the  stt'am  chambers,  made  as 

/ 

the  d econcen t ra tor s of  heat  flux,  can  successfully  be  used  for 
cooling  the  radioactive  fuel  elements  ir  atomic  reactors  optical 


he  at  - re  lea  si  n j <levices,  (electronic  devices^etc, 


Fiqure  2S  shows  the  different  constructions  of  thermal 
transformers. 


r.ny 


For  coolinq  anl  heating  of  the  cylindrical  surfaces. 


which  have 
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tho  hiqh  valvit' 

• i iaeriiJi  on 

transfoiiner  of 
construct  ion  ir 


) P A G K ' 


of  the  ratio  of  length  to  the  ti^nsverse 
L/.l  and  rods),  with  th^  ^ id  of  , 

the  type  of  therinal  1 n*~t , the  most  succe 
coaxial  thermal  f 8 5,  104'), 


thermal 
ssf  u 1 
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. Mffer^nt  con  3t  r uc  t i or  s of  thetnal  t r anst  omets 

Mi  C ■ ' 1 I i t i ' I n , 


I >'si^ij,enrtpau,ue  • i 
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Fij.  on*'  of  th*’  vc'tsionr.  ot  t ho  const  i net  icr  ot  ♦•h*^rmdl 

Cw  ( ^ ^ V 

J MM*  (i)  irri  f he  IJj'e  lomerit  of  ronKinl  i<tM»  (b)  : 1-  core;  ?. 

- the  film  >t  1 - mtialdtic  7on*’;  u - cri  e in  the  zone  of 

;*<<  / <’»uc6',<u-f  i ) 

evdpoiat  inn ; 5 - ^ci<i  w space;  f - t lie  will  of  'fspawakua^  7 - he  wall 


fiinie  27  shows  one  of  the  versions  of  the  cons'- l net  i on  of 

t '* ( I t. 

Coaxial  theimil  The  " - 1 ['  "T'  i *•  " rT*  % pn  r>  to  i an  i the  i >^i  j t n i of 

this  type  of  'hermal  iowt  have  the  cylinltical  sniface  of 

ap  pi  o X i m 1 ' e]  y rejnal  lenijth,  hut  different  liianieter  and  are  inserted 

\^.L  / tu/  / \ 1 

ere  in  anotner  (4tte-t  in  . Transfer  i • ^ i r ’ liquids  is 

MiAl-i-^ai^accompl  ishe  1 in  radial  direct  ion.  Fcr  this  purpose  l-et  ween 

CvyiA“'‘  J>  ' . 

the  e va  porat  o r /On  y o and  the  «•!»<»<:  are  arrar.  }el  feiW  cavities 

in  the  form  of  toroids,  walls  ot  which  are  the  porous  ♦'oroidal 

bushinqs  - capillary  pumps.  Resides  i »i  w f porous  hu.shinqs,  the 

<V  tv< 

walls  of  » va  porat  or  i and  nainirl  iir  are  covered  with 

frs*»/thin  porous  core  in  the  form  of  q r id , qrooves  in  the  wall  of  the 
housinq  of  thermal  etc. 

Since  such  thermal  can  he  utilized  1 c*- h under  conditions 

of  we  iqht  lessness  and  in  g i av 1 1 a t j ona 1 field,  porous  toroidal 


■A 
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bushin>js  it  f'OoSiblp  *o 
f i > dr  r d n 


cor.  ruct  with  pdch  ot  hoc  by  poro'JK 

I'y  dziaiuth  [.iralicl^  flow  linos.  Th‘^s'^ 


t i n^«wia»*«  will  ensure  the  lit+  of  lijuiil  djiinst  ^jravi*- ut  ionu  1 


forces . 


In  the  cod  X i i I t h o r ir d 1 .j 


, L t.( 


or  tho  stodni  chdmber  is  possible 


'jeoniet  r 1C  dimensions  of  '•  and  , 2).  ddiibitic  zone  wi»-h 

the  ijeometric  diversions  of  ; 3)  , cylindrical 

evaporator  with  the  wiaa^diwons  ions  of 

Let  us  m.iXe  the  following  assumptions. 


1.  The  core  i .s  incompressible  and  on  *"he  sec<-ions  of 

has  the  constant  thickness  c.  Capillary-porous  body  is 
isctropic,  in  any  section  the  area  of  the  pores  of  the  core  ^ 
and  the  total  area  .I  are 


/ . . Ar  hr 


.9 


Analogous  relationship 


is  retained  for  > bulk  porosity. 
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, pvapcu 


an:i  diliab<i*-ic  zone  <*♦ 


found  at  coiibtant  tPm  pe  rat  ui  o,  there  is  no  sii  petcoolinq  and 
overheat  irq  of  liquid,  the  vapor  pressure  - 


d- 

I'  ■f-'t'  ^ 

-Mns  IS  condensed 

on  lrt»rf,c. 

-■  liquid  - 

»»  ■< 

ml  hi';  a r i • 

0 f 

in  the  d i rec t i cn , 

normal  to  the  surface. 

i . e . , 

‘•ho  •)  i ver. 

rate 

of 

does  not  have 

comjonents 

dlcnj  the 

•1 X i i 2 

, respectively 

there  in  no  chanqe  in  the  mnmertuni  alonq  ‘•he  axis 

4.  The  rate  of  the  liquid,  which  flows  in  norous  core  is  equal  ^■ 

6',^  and  has  only  Z component,  it  is  constant  cn  the  entire 

Cc 

thickness  and  ’■iM*  equa  l^averaqr  speed  cf  motion  liquil  in  one 
capil  Idt  y- 


S.  The  effect  of  jra v itat lona 1 field  we  disreqard. 


Since  porous  ‘•oroidal  hushinqs  (adiahatic  zones) 

fcj/  <f  •<--> 


d i V i il  e <■ 


coaxial  Aaat  into  a series  of  independent  sect  ions,  suf fic  ient  to 


examinr*  one  section. 


L'or 
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Ml  ♦■■rn'-,  which  con^^iir.  the  0 i f f ‘.>i  en  t i 1 ;;  nt  '•he  .iri'l 

hiihet  oiih-lii,  ilso  we  <1ir.if>nr  l- 

7.  nr.  Th^‘  sue  f »c>’  of  core^  there  in  no  fluid  film,  co  ndon  sh  t ion 
is  I Q 1 1 1 ’Mi  I.-  aw  n 1 1 w directly  in  pores,  and  ->vaporation  - 

\ 

from  ♦h*'  iioier,  of  core. 


will  •'xaoiine  conseru- i ve  1 y three 


element's  of  cori^  . 


let  us  examine  the  balmce  of  mass  and  enerjy  fer  the  — 11  of 

f C ' . 7 

porous  with  a length  of  dz,  the  external  diameter  of  2r^ 

ind  inni’t  di  tmet-er  of  -’r' 


Balance  of  ais.s 


/)i/e  .hi  /lun)'  fl.22'' 

(.'{.‘id' 

:*'.o  . r.._„.-T  n (rf  — r«M  X 

■ -dU,,,).  CU'.hl 

ir.  /»('•’)  /m(l)  ' ' 


--  o ir’'’  — 

dz 

Fr,-rp,-F,„  ,,,y?nn7rr-r’^'}- 

— p 7>’"r.e7r^‘ — clzP.n  (r’'‘ — 

/M  fy  . f M . 


7:1.261 


(3.27) 


roc 
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oac.f:  ^7  ' , 


Substituting  (i.^S)  - (?.J0)  in  (?.27)),  wr  obtuin 


_ " V, .A:  ^ d2.  (3.31) 

A-’  ' l: 


t^lpinont  of  the  porous  of 


Energy  bdlunce  in  the 

tcU,  f 

codxidl  thernial  tifr'*  we  will  examine  when  thermal  energy  in  oorous 


core  is  ransferred  by  convec«^ion;  therefore  t>-y  the  hett  transfer 
thermal  cond  uc  i vi  y we  disregard: 


c.,.- 

0 0 , , n 

■ V.I  - ' <!• 

(.3.32) 

•''!)  ~ !>•/’ 

'a„'V  "r  oVo). 

(3..3.3) 

/■  f>  . r'  _ ,.  T 

h7.34) 

< ’ ■ ; m 7K 


y ' IJ  --  (’2'' 


0,  6'2r-"  *, 


(3.3"' 
1 3.30' 


nnc 


= 77  1 00  1 bS  PA(',E  ^ ' 

J»  'Tiiinnei  up  (J.l?)  - ( 3.  3S)  , 


( }.  ?b)  , <o  Mill  oh<-  a in 


'h„  — /!.. 


- - r» 


r“’'  !J.. 


-■-  n2rr"  , 


t'h 

/■'  -I'.’"-  f,  nT/rK*_;-K’,_^;, 

' m . > >i<  ' • ' ■ j ’ V'm  . Hf 

X r-  (r'  — r''  - - - ^72.^r'^  = 0. 


b:i..38) 
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'■'Pm  — '5') 


/■'O,,,  rr~  !r'^'  — r'‘M 

• . I 


Aftot  ill  twyr -it  inq  expression  (3.f^0)  from  0 7,  w'>  obtain 


2qr'l 

U = J , 

r'nr.lr"' — r'^.') 

I c ■ 

2onr'< 

i = n n-T  (r"’  — '-kM  ^ ‘ p. 


7 


roc 
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Thp  57^KaMn>'  i t;  r.  t»  r -i  I /'CwJia  1 int.eqr'il  oqndtion 

cc->\Ay >IM.  ? 

substance*  an  l motBentum  in  t nf-  irdwinrixn  ot  coax 
the  font 


of/enorqy  transft'r^ 

I 

la  1 *hermal  Ji*r4 


) 


7d!  = 


(.l.'l.'l) 


'4 
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A(i i a b.i  t ic  7011  e.  adiaba<-ic  zone  the  trarsfei  of  liqiii  l is 
real!  70^««iww»4  iuii  o4-  under  the  action  cf  { ressuie  qniient  m)  can  be 
descrifei  by  the  liw  ofDarcy# 


n.-: 


) 


^ (J  > 0^^  ^ i 

. since  the  fluid  flow  at  ou  t p u from  th->  j a4»arc~i  of 

f '-/n 

thermal  is  e'|ui]  to  fluid  flow  thrccqh  thf  adiuDatic  zone, 

this  equality  it  is  possible  to  determine  t tie  pressure  iifforen^ial 


alon}  ♦lie  lenqth  of  adiabatic  zone,  necessary  f ci  t h-*  transfer 

% 

throuqh  i t^  t n is  flow: 


roc 
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/-K  A'.. 


^ A' 

^he  r>  Vd  pox.' J t D r of  codxial  t hei;  aa  Poious  cote  in 

evdpotdtor,^)fc«i»»«exw  has  «**»/c1ime  nsiors  of  c' , ^ At- 

o u t p u t into  the  e va  porat  or with  94  Z — i..,  » the 

speed  of  thu  motion  of  liquid  is  equal  to 


2(7k'7 

A’n,„  r'r--"’— 
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Since  it  is  pioposei  that  the  heat  flux  will  be  fed  to 

jin/i 

r ••  1 1’  n r 1 *•  "I  r /itn  pn  r i rr  r evenly  entice  area,  anO  the  evaporation 


evaporator. «»»iiii~n4  roc  occurs  the  following  proportionality: 
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The  1 inte-jr^l  eqiidtion  ot  the 

of  onerqy,  mdiss  dni  momontain  in  e v d p c l a t o r pie  t ir 


■ H 


cor.  sorvd^  ion 
oqual 


c 


ooc 
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A ^ 


Th»-  piesr.au?  J i 1 1 ei»’n»  ial  on  liiuil  at  tht  leu-jth 

Jn  . T 

pvipordtor  <i^«Tg)  It  a is  p<:jual  ^ 

*'  «.*n 

,i»-  the  len  itli  of  h“  c\pr»citor  is  equal  %iM> 


■>f  ♦ hp 


, ml 


f>  f'*"  ' 
• m 


Let  us  a-M  ottained  equations  (J.51)  anl  and  lo»  us  r,ubs«-itu» 

in  thew  (3.4h): 


coc 
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wherp 


_ _ A_ 

b " 

, / i r^n^u,,,/  <7PH,nv'* 

* 4r*^  1 . t\  ) n 7 - -K* 


-n  •,  I B„  \ 


B = 


K V / V 


c 


C,  C 
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It-r  u:;  isi.u.n»  *^ho  sp^eti  of  the  met  ion  of  liquii  in  porous 

1.7 

cor*^- ^insu  t f i<' H'n*’ 1 y itM-  orear  i r.  orOor  to  elimiiato  coinf)lr>tol  y ♦■hp 
amount  ot  oondonsite,  which  is  formed  as  a resul*-  of  condensafior 
iiSR  cr.  porous  surface.  The  film  of  liquid  on  the  surface  of  core 

/k.f  ,cf 


will  ha  V- 


•■hickness  which  its  thermal 


w il  1 ca  use 


increase  in  ♦ he  temperature  of  the  surface  of  film  and  the 


retai  la»ioi:  ot  the  process  of  condensation.  This  will  lead  an 
increase  m ♦ he  »oaal  pressure  in  the  vapor  phase  of  thermal  .iwmwp*  and 
an  increase  in  saturation  temperature  beth  in  * he  zone  of 
condenna” ion  and  in  the  zone  of  evaporation. 


Lee  lis  eifamrne  »he  process  of  heat  exchange  in  the  zone  of 
condensation  when  flui>l  t i 1 m is  present,. 


presence  of  fluid  film. 


a-a 


<tc  tt-ie'  L ) 

fluid  film  on  the  surface  of  the  core  of  m a r i^niM  1 - the  adiabatic 
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zone  of  ♦!»*:'  core*  of  4 - j)Otous  core  in  <■  he  zone  of  evaporation: 

*i  - space;  f>  - the  outer  casing  of  *:her.Tial  7 - the  inner 


shell  of  *•■  he  r aa  1 


Let  US  assume  that  ♦he  liquid  evenly  is  exhaustofi  inside  porous 
core  with  the  speeil  of  on  its  ent  i re  surface 

T- 

(one-d  i mensiona  1 model  of  theimal  4iMi)  . 7hon  for  *-he  film  of  liquid 


is  valid  the  notation  of  the  followinq  equations;  the  equation  of 
cont i nuit  y 


fn^U,  ' P. 


the  equation  of  conservation  of  energy 


. ,C,Ur 

r Or  ^ Or  j * Or 


Boundary  conditions; 
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with  r”  r T„ 


r r T . 


’J,.- 


Tempeiatiue  fiplO  in  fluiJ  film  takes  the  form 


— T 


p = f)C/>(,'r  - the  d i me  ns  i cnless  rate  of  flow  of  liquid. 


/ ,v<w7  / 

Energy  balance  on/ interface  'liquid  - ^eMB^Aakes  the  form 
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,r'< 


Th<'  *■  hick  of  film  in  fh.it  case  c.in  t<-  dpfinfi  ds 


r"  _ r 


Gi.h.'h 


hp  1''"  i jn"d  |inir<r>fH<ii  hf  ft  thn  law  of  tho  ahsorption  of  I i.^uid 
in  poious  core  as  function  of  coordinate  x (t wo-d imons iona 1 model  of 
thernal  . Let  us  examine,  4*^will  depend  the  thickness  of  fhe 

foiwinq  film  on  coordinate  x.  Let  us  assume  that  thermal  enerqy  in 

the  film  of  liquid  is  spread  hy  means  of  thermal  conductivity.  The 


HOC 
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t c.  La  t urf  of  t!ie  outface  of  iliiid  f i 1 is  ’„.v 

Ls  Bade  in  t torir  of  plate  1-#^  t po  ; mo  nsions  of 


Porous  coL«- 


Then  the  equation  of  ♦'he  p i esf>i  va^  ion  ot  er.erqy  will  *-akr>  form 


" r'lj  fy^ 


whei*^ 


tempera*"  UL  e of  the  surface  cf  porous  core. 


We  now  shoul  1 es*  a bl  ish,^i*«SaLU'  the  form  of  the  dependence  ot 
the  velocity  ot  the  absorp*’ion  of  the  liquid  »#  inside  tjorous 

core  cn  coordinate  x. 


Let  US  examine  the  process  of  the  motion  of  liquil  in  porous 
tody  in  the  form  of  plate  in  accordance  with  the  law  of  Darryl 


' — /•’, — r„ 


i n< 


f.3.G.5) 
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In  this  notation  of  the  Idh  of  Oarcy^,  & is  il  i si  e ja  r i ed  ’■he 
efiect  of  gia v i t at i ona 1 field  on  the  process  of  the  transfer  of 
liquid.  If  in  thermal  ^d<wt  the  rhickress  of  porous  core  is 
considerably  shorter  than  * radius  he  /V„  of  steam  cylindrical 

I 

channel,  then  the  r ela  t ion  ship,4*«^’**«U>  obtained  for  a plate,  remain 
va lid . 

Viork  [hi]  examines  the  case  of  the  filtration  motion  of  liquid 
in  porous  body  _n  the  form  of  [late  under  the  action  of  pressure 
qradiont.  The  law  of  conservation  of  mass  requires  in  order  that 


DOC 


77 1 00 IbS 


PAGE  ^ 

under  the  stationary  conditions  of  tsh*?  flow  of  the  incontpressi  hie 
Vewtonian  liquid  would  be  observed  conditions 

(3-0“) 


Paqr  iVt. 


Boundary  conditions  are  the  following; 


f/  = c. 


for  all  X, 


.Y  0. 

(IP. 

r=  0 

— L,  ^ X < 

for  X 

03.  GH) 


The  diagra*  of  porous  core  is  shown  in  Fig.  29b. 
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solution  to  the  e'juation  of  conservation  of  mass  with 
boundary  conditions  takes  the  form 


'X,  0)  -- 


n K AP 

• • * 

•1  c i(,„  A?  ('■/.) 


where 


V 2 cos 

cos  I'x  -r  <■■)  — cos  (I 


X M = 


~ . a = . 'z  - t"  Uil2), 


n (a)  - first-order  complete  elliptic  integral  with  ulus  a 
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under  the  assumption  that  a ^ /-a  . The  rato  of  flow  of 

liquid  as  function  of  coordinate  x takes  the  fora 


L'  (x^  = 


'he 


.Y 


M-:/2 


f3.72) 


The  thickness  of  fluid  film  can  be  determined  from  equations 
(3.46)  and  (3.72)  in  the  form 
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If  one  assumes  that  in  evaporator- 


the  heat  removal 


takes  place  from  the  unit  of  surface  evenly  anil  is  valid  the  notation 
of  heat  transfer  rate  in  the  form 


_?•>«  ! e-'C"  -V  — \c- 


DOC 


77  1 10  IS*:, 


P«ir,K 


p4 


riT/sT-77-nibS 


Pa  1 1 h _ 1 "j  1 , 


I 

6.  F*  pp  r i Hi^n  t 1 1 ,s*-uly  of  the  work  oi  coaxial  thernal  iact. 


lii  1 ow- 1 ei  r a ♦ ar  •.*  laborafory  of  institute  h-^a*--  anl  mass 
excnan  je  ♦■he  A,  s.  of  the  B.S.S.I*  was  con.l victed  the  st  ily  "3 f the 
parameteis  of  tha  coaxial  ♦■  her  roa  1 ‘lusts  in  wtiich  as  h a i t- t r a n s f er 
a jent  was  utilizel  •’ho  ethyl  alcohol. 


Fi.jurP  10  STOWS  ax  per  imen  t a 1 ^ins  t a 11  at  ion  tor  the  study  of 
Coaxial  thermal  tube.  The  t^u  t/neaat  ion  of  coaxial  tuba  mi  the 
a r ta  iijemen  t of  sensors  are  shown  in  Fig.  20a. 


A 
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Dtiiiii^  ' xpt'C  i non  itiou  on  t ho  stuiiy  of  t ho  pioco'.s  'it  »h' 
ti  irsfor  11  ' M T.il  on-'fiy  ir  o-ixial  rlnj*  i*  w,<;;  cirri  ol  o'l^’  'h® 
rocordin)  ot  tho  followin)  im  ra  aot  s;  1|  ti.'*  t ot- i 1 inomf  of  hoa*- , 
appliod  r o -»xr--i:iil  .lurfcjco  of  tho  ov  a ;>or  a t oi  /•*  1 1'  r i».  ^ r of  rho 

♦hotin.il  dii<'t  0;  fho  pros  Sill'  of  .'.ituci*'!  *»d  i i wi'-hiri  l'ic‘;  1) 

ro  a>  p -•  r 1 1 II  r ••  tiell  * h(‘  thicknons  of  »^>r  - in  o v i por  i t o t » -i  i on  •'<•1 


and  cof.-ion  I A*  a ,i.t i , and  also  in  r ho  vipor  phaso  ot  1 icr  wi*-n  r.ho 
aid  of  diffoLon*i\l  coppor- con  s^-a  nt  a n f h-*  riujcoiipl-»s  wifi  ‘•hn 
si  70  i w •>  n .1  *»ii  ot  a 1 r noe*  1 oct  r 0 i os  0.2  mn  aul  of  cot)[>pr  tosi.sfance 
f h ot  01  one*"  r in  fna  *x<"'*riial  surface  of  porous  t>tH.o  in  fi» 


e V ap  o ra  f o r i » > r i ?;  of  ’■hoimai  duct;  u)  the  flow  rate  of  ♦he  coolir.} 

flui^^  ^ishin  j ♦11  'xi-.-.i-nil  sur^'aco  of  fne  co  nden  s^r/o  s nrei*  or  ot 
rhermal  duct,  anJ  f om  pera  t uros. 


[)or 
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Fiq.  JO.  F X per i man ta 1 installation  on  ths  study  of  coaxiil  tharaal 
ij  u ct . 
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Fig.  n.  Tom  jv  i'3  t .1 1 (•>  i i st  r i bu  ion  in  <-h>?  .i  n t>*i;  v .*1 /q  jp  bptweon 
p V 1 po  r i t or  / v ♦ t<‘>  t i a i n ' 1 cto  n rl  g n fjo  r / « : ^ f »->i  r.  1 1 >>'F  of  co^ixi^l  tipr.n^l 
^t^io  voluTiG  th»  vrforkim  fluid:  i)  10  mi;  b)  2S  b1;  z\  100  ml;  'i 

200  ml;  (1-2)  th^  rhioknoss  of  condon.scr  (U-5^  ) the  thickness  of 


p Vd  po  rs  tor 
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w 1 h ^ ti  ■*  t i I 1 1 n I )f  2 0 0 ml  o t 1 i i'i  i 1 (F  i i . Ml)  t ho  m t x i mu  n 

imoiin*  of  h*it,  t r i n -:  f ■ r r oil  u 1 oi  j iut:t,  f>xce‘'lp<5  100-  1 20  W , Thu;>,  an 

incroa;'*."  of  ♦ Kp  » moui  of  liuui  1 from  100  ♦•o  120  ml  virr  lally  Oil  not 

impiovo,  liut  It  inpaiLPl  f ho  p a r a niP  t.  .>  rs  ot  tho  work  of  Iti't,  ?;ince 

'*+r»*  1 ncrt-i  ..'d  ’■(ip  i i f f orp  iice  of  tho  t pm  pp  u ret;  AT  in 

ov apo ra*^  or  nnop-^-4-^  . 


Ar:  can  bo  sp'n  from  tiqurpn,  tpmppratiirp 
com{/onpi  1-2°C;  i- i i;5  viluo  in  fcnpral  wao  ovorstatpd,  aincp  sensors 
wer»  locitel  oa  r.  i p surlicp  of  -war  .■ . The  basic  t-hermal  t?3is*rince  in 

in^ic  k 

coaxial  theriial  iiic»  falls  on  p in  ♦he  ref  ion  of 


ovci  ^ t or /A/. I tprrt  *p<  inl  in  the  roijion  of  caoacit  or. 


T t a ri  sf  o:  m a *■  i on  r a *•  io  is  calciila-cil  fiftm  the  followin)  formulas 
throu'jf'  the  i-nsities  'it  tfi..  theima]  flux: 


f?.771 


oi,  utilizinj  heit  ♦^tinsfer  through  the 


^yJick. 


for  the 


Situ  rate!  a-t»re : 


Due 


7711016 
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P.i'jf’  l^’O. 


All  [>a  r 1 n a t j r s , n>^r:essaiy  tor  the  calculation  ot  tha 

mo  (lo/i+j('(i  lilt  1 mi:,  of  1 1;  e work  of  theimal  ■hic'-.,  a r <j  vjivan  oalow.  Fijijtr 

11a,  1),  z,  i show  a tt\r>  t ^.mT)^-ra  t ur  f t io  1 13,^-  romovt*^ — 4 n-v  in] 

transmission  alon.j  ti>o  duct  of  difforont  imouit  of 

th^'iinal  onerjy,  iiiriii?  .Ip  t »- r m i n a t i o ri  in  *■  ho  luc*-  of  iitforont 

a moil  Fit  of  hoa  t - t r 1 nsr  o r aijorit. 


Fijiiri*  111  snows  that  with  tho  filliiid  of  wi+^-o'U  ml  of  alcohol 
in  tho  p V 1 ;iQ  r a t or  /-vu  ;i  a.i-M-aiHP-r  of  thermal  duo*-  was  observe  1 the  crisis 
ot  boil  in, • with  tho  t j-rrisf  or  rou  amount  of  hoi  t 0 = 20-10  A,  i.e., 
'■■-790  V/m'. 


Ui 


’With  the  filliu)  of  ml  of  alcohol  (Fii.  Jin)  tha  crisis 

of  tioilinj  was  ob.servo  1 during  tf,,i  t ra  nsm  issi  on  of  heat  flux  botwe^jn 
values  1S90  < q,,^  < 9770  W/m?.  Duct  managod  well  witti  ti3 

transmission  of  tie  heat  flux  g = 1'j‘in  w/m^,  wtiich  corresponded  to 
total  late  of  heat  transmission  UO  'W. 


...  core-  ewnfjv 

witti  the  filLinj  ot  TOO  ml  of  liguil  (Fig.  11c|  the  crisis 

ot  boiling  began  luring  the  transmission  of  heat  flux  b.atween  v.alues 
U700  < (7„r,  < S1JD  Duct  managed  wol  1 with  the  transmission  of 
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Results  ot  experiments  with  coaxial  thermal  iurt. 


The  effective  leajth  of  coaxial  thermal  duct. 


Thickness  of  core  in  zone  c. 


♦dre  evaporation 
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t-h-e  condensation 
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c on  1 net  i V i y of 
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Thorronl  con  i u;:  t i v 1 1 v ot  alcohol,  ^C  : 


i . ! j \ ‘ c 1 1 1 /■)>■  / • C 


- i 


( ^ y ^ 


c.. 
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LJicJ^ 

Porosity  of  ■o«»-ra. 


Pf^riDpahi  1 i t y ot 


Tho  ntaxitn'iB’  t4  ^ tT  n i » ot  capillary  olpvation. 


liniranra  radius  of  meniscus. 


C ' . >/);/)' 


Si7fA'^i-n»’nBi*>n  of  th^  cpII  ot  -o »r >■»-. 
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Diaroe^-f  T of  the  wLr  ' of 


u^/cK 


Amount  of  lioat,  t r a rij  m i t od  ^lonq  nuct,  maximum.  l^O  \a/' 


Temperature  on  tii  ex*-ornal  wall  of  capaoi*-or.  '.I'-' 


Pressure  of  saturitel  pair  in  d'lct. 


I ( a ) 


Density  is  i>air,  ^C:  . 


t ' ■ V (V  • 


. o-  ■i  < -//). 


Density  of  lijuii,  “C: 


I i.,/:: 


Duct  i 1 it  y /t  oui|hn=  ss/v  i scosi  t y is  pair. 


■ / O n/s-c 


/‘  V - /C 


/ ^ • C'>> 


Viscosity  of  liquid,  1‘1°C. 


Heat  flux  in  •■he  zone; 


? va  poration 


/Vf?  Id/'' 


condensation. 
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Rfynolclp;  nuinbi't  for  niir 
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Hoat  of  viporiziiti  »n  of  ^JcoilDl. 
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Pd'jp  122. 

Tfipse  ^wo  cot»  ff  ir  ient£5  and  A7„  will  a;rep  well  between 

themselves  in  sunoritical  moie^«w<»n<li>  i-ews  with  th''  optiinij  filling 


IKM' 
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* 1 ♦ h rfoi  K i 1 1 ui  i - 100  ml. 

■^h  » [' r • 1 i m i :i  \ r i 1 y -‘t  1 i v i'ti<rn'dl  c >n  i uc  i v 1 1 y Df  porous 
Cdii  !>••  iv)  i fii  1 it  » 1 £ rom  foiinula  (1.10). 

Ir.  "'ori  J ] usioi  is  n«*cesriry  to  note  thut  ith^n  usinj  just  one 
♦hf'riril  frinsroin'r  i.-  concer  1 1 a*^  or  and  deconcentrator  of  heat  flux 
the  ouer>i*^trir  t em  po  r 1 1 'j’”0  piii  in  t h<»  firs'"  case  is  oonsiloraoly 
h i g h e I , 


7.  Controlled  thermal  ducts  and  the  steam  cnamfers. 


I n .1  nu3it;er  af  cases  it  i .s  necessary  to  'r-al  f*-!*-/  iccoai  plish 
control  of  the  th“t-;n^l  resistance  lat  d uc:t  s not  only  by  » a^-h  -rri 

the  assignment  of  boundary  conditions  on  their  ext^rnil  surface,  but 
also  with  the  lil  of  other  factors,  such,  tot  example,  is  creation  of 
the  s uppl  ement  ary  diffusion  resistance  to  peuetntion  of  t h'’  vapors 
to  the  surfact?  of  coniensation  with  the  aid  of  cushion  from 
non-condensable  ja.;,  by  means  of  thf>  artificial  t urbul  i za  t ion  of  flow 
he  induce!  convection  of  liguid  in  eva  porator/vi poc inin  , 
effect  on  the  process  ot  the  transfer  of  lijuid  with  th^  aid  of 
oagnf'tic,  ultrisinic,  electric  fields,  vibration  or  contrLfujal 
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fiHlif.,  \ c'hitiis  : f 'i  ■'  ♦ i i(-  ch  ^t;  ict  oi  LSt  ics  if  thi'Cffl'il  lucts, 

»»♦  r. 

Lt'’’  MS  ' X 1 nu  !u*  so.nf  of  t!i('  ncthods  of  cotifrol  of  fhjtmil  iucfs. 

Thprniril  .luCs  ^ n t h<^  ms*'  of  a cushion  of  n on-con  ) en  s j :>  1 *->  '^us 
'Or*''  uo-ilizel  Ipvij's  for  n mo.;*  i *■  ic:  control  of  iny  otiTPcts, 
-Sine*'  in  o-hem  is  oioviipl  f ho  t !■  m pc  r o f m i3  constancy  >n  •'in  lirqor 
pal*:  of  i * -surf  o:: 3 [ 1- 

Patjf?  12  i. 


Usually  *horn’il  lucf.s  with  the  pre.senco  of  *no  uncon  1-^n  i jas  have 


the  supplementary  r-'servoir,  iii  which  i .r  jccumulitei  t a i 3 jas.  In  the 


nonop*>ra  t i n j stata  ot  thermal  duct  * ht.  no  n-conciensahle  las  on  t h» 

level  with  th»  vipors  of  lijuid  is  evenly  distributol  Sw  entire 
V»^re 

volume  of  .*>*  ivm  joacc.  After  the  supply  of  heat  flux  to  ti“ 

v^-fo  cs 

e va  po  rater/  v > , .u  i g"  i o'"  *he  thermal  luct  •:  he  i*-rrr-  of  h e at  - 1 ra  nster 
aqent  -*  tr-y  push  aside  aon-conde  nsahl  e <)as  into  the  zone  of  the 


condensation,  whore  is  formed  the  interface  vapor  - jas,  which 

M+e 

divides  capacitor  •♦i-y-  two  parts-  The  teraparature  constancy  of  thermal 

VCif 

duct  as  ensured  because  of  the  fact  that  the  pressure  th?  ot 

liqui<l  in  prm-Min^  wrdT  is  subordinated  to  the  exponential  law  ot 


dependence  of  p on  T On  ei^uil  ifii  i urn  curve  vapor-1  ijui  1 


and  the 
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pr^'ss'Ht'  of  non  - CO  n 1 ■■>'1  .M  h 1 •'  ji;-  l;;  o'lbor  i i n i t>  liistr  Idw  for  a 

ppitert  ,j  1 s.  A ciiir.  |>  in  t nnipr>i  it  nt  <>  in  t h>'  i~»  v i p u-  i >■  o r /TTnori  r.P"i 

0? 

of  tn'-in’il  Oijc^  to  prt^i;s;uif*  <■  h i n no ‘4^1.1. , ♦h-'  1 i t ^ , for 


arod  of  cipacitoc,  vtiich  loads  *■  o rn  incrr'iso  in  thn  ipoi  of 

condo  ns  »f  1 :>n  , rni  fhoioforo  to  ,i  f.ois  t>o  rat  n r j doer  ms?  of  fact-.  If 
(X)  5 ©>%i^  lV  R*] 

w-xr-fi — at‘y  cf.in:]o  *■  ho  pr<>ssMro  of  n on- con  1 ensa ol p jis  (for 

oxdntpip,  by  moirs  of  rpdiicaion  oi  incroase  in  f ho  vol.ino  of 
cap<icifoi),  then  t h ia  will  lead  to  a chan<)o  in  the  diffasion 
resistai;cr  of  *h^rmil  iuct. 


X)f- 

c-»3s  of  conl*ns\tion  liaic 


bet  as  eximine  ♦he  ono-d  1 mens  i ona  1 [)ioc- 

in  tho  capacitor  of  t.h-*iraal  duct  in  the  presence  of  n an  - c o nd  on  sa  b le 

qas  r ]-  be*  the  thermal  dart  have  a length  .'.y  _ The  temperature  in 

the  ^or;e  of  ♦ho  -*vap>ritior  of  duct  is  equal  to  T i in  the  zone  of 

} 

]/OP^ 

condensation  on  r n<^  r.uiface  of  cotrap  . Let  us  assume  that  ^ 


t-s  ♦ r ansf  e r i ?d  tnroajh  tho  plane  layer  of  non-cori'len  sabl  e gas  to  the 

V 4'"t- 


75 

. ♦ r anst  e r i •?  J 

surface  (?f  Jof-v  con  1 en  sa  t ion , tor  example,  of  the  jt.  -'‘aa  cnimher,  with 
the  area  of  Con  d on  s rt  10  ti  .'5  by  diffusion.  Then  flow  — aJir  . t h rou  g h 

the  layer  or  non- c on le nsabl e gas  is  equal  to 
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P,  is  pirt-idl  pr-»ssurp  fwi  it  ; 
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Inte.jration  of  tiis  filiation  froa  Pi,  with  y * 0 to  P,  rfith  y * 

<ji  ves 
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If  we  accept  the  iven  jed  pressure  of  non-condensable  gis  ^^:cp  = ^'  — 


and  D from  equation  (i.HO),  then 


= (P  — Pi. 


t . ■ 'H  V ’ 7 : j 

. ?T  ^ ^ ft 


In  the  rijht  sin  of  equation  (3.82)  we  disroqard  member 


/ inPPrT  \ ,■ 


as  a result  of  kM  snallnewss. 


pnc 


7 71 


T!io  »hi:'kn‘>T  ■■>:  ^h<'  Idyrr  if  i.on  - r--)  Sd  H e ;ji3  ain  bp  faiir.'i 


t r oir.  k h I r 1 1 1 i oi  3 n 


valid  fir  tiip  portprt  jas 


It  ?x:pr'S3iDn  ( 3.  d I)  in  au  bn  t i *■  u*- p i into  forrt'uli  (3.32),  thpn  w • 

c-f 

ol'tiin  ^ low  vdlijo  t-b-p — h44t-i  throinjii  t hp  lay  pi  of  th' 


non- con dfn  sd  blp  )a; 


<p  -P-: 


I '' 

prpss'iip  p coirpsponds^  7',,^  pressure  P\  - to  tpnpariture  7'k. 


If  ••  h p itpj  of  imcT*  mr , above  which  is  located  t no  cushion  of 
non-rondensa  I'Ip  gas  is  pgudl  to  S,,  then  the  amount  LU-i-Fr  that  fidsses 
pel  unit  tin  * to  ♦’he  surface  ot  cond ensat  ion^.  c^pial^ly 
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equal 
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coefficient  of  th«  heat  exchanqe 


■Ji' 


P-P, 
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X 


V'  - Cp  <T„  - rS 
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Page  12'). 

If  in  the  ab3enc:j  of  non-cond  ‘iisaMa  gas  t h<=>  thirmal  resistance 
of  tnermil  duct  is  i at  r ™ in  ed  l>y  the  sum  of  the  theraal.  resistance  of 

u/tciC 

porous  cne-e  of  th*^  zone  of  evaporation  and  condensation  7?^^ 


Tf  3l" 

/?Tep  = 


T —T 

‘ II ' « 


C 


.,.|i 


(.?.88) 


r>()C 


7 7 1 1 0 1 h 


pA(;k 


ihert 

ir.  thf  [I  L v?s  ‘ n C-?  it  t hn  cushion  of  iion-condonsib  lt»  ps  t 
sum  is  dilci  .j-2 — till'  th*^rinal  rosin*.inco  of  the  liyoi  of 
non-con  d*'n  SiiMo  j is  ml  ♦he  total  thermal  resistance  ojuillv 


P,  = A,.. 


P, 


(3.89) 


The  airoiint  of  heat,  transferrod  alonq  the  thermal  lact 
r.-i>  }i  1 1»  i »-nr  is  partially  fillc-d  by  non-condensable  >jas,  it  asi-. 


^ = ^1  (7’,,  - r J 5,  - p^^^  (T„  - T,,)S. 

S = -cA. 


(3.9(') 


o this 


w h o.s  e 
eq  nil  A 


a 
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p Ac;  K 


Whon  s |.'pioichf?5  S, 


Q=^,(7’„-r„)5.  (3.9.’.' 


when  .S,  i-t*  vanisT-?s, 


(?  = /?Tep(7’H-r,'5.  (.192) 


It  w?  equate  expipssion  (3.91)  and  (1.92),  ttien 


y*  . . ^Iir  ~ ^T,D 

T T"  p ~ ■ ”p 

' II  ‘ K ''■rep  ''rep 


7-J. 

= . 
^^TPp  , 


(3.9,3) 
1.  (194) 
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Thus,  the  pc3sonce  of  rion-conilensa  bl  o >jis  le.vls  to  the  fact  tha*- 
(Juriii'l  t ti  ? t r a ns  n i r.si  on  of  the  i'lentical  aaiount  of  haat  as  conpareii 
with  t CdSf>  of  the  absence  of  non- co  nil  a n sa  b le  -jas  tna  t a mper  a*- ure 
in  the  zone  ot  tn^  • vapor  at  ion  of  «o4r«>  must  increase,  which  will 
cause  a pressure  increase  n within  the  ^ p>aiw  chamber.  Tha  content  of 
non-c  or  I en  sa  b 1 e jas  in  the  usual  thermal  ducts  and  rhe  S aw  chambers 

is  undosirabla  factor,  since  increases  theii  thermal  resistance. 

Page  12b. 
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rt.  Th*>rnial  li’icts  with  worai  convoyor  - rii'tf'i'y. 


In  this  wti^  is  |)  fcjposcd  orio  of  t'lo  mot-hods  of  i in  tho 

♦•heriHfil  Insist  in::?  it  ♦•no  liyer  or  n on- co  n donsa  bl  o jjs  by  tho 


1.  rho  chi  r 1 0 1 «c  is’- i c feature'  of  1 ow- 1 em  per  1 1 u re  th^rmil  ducts 

is  h ■'  fact  efiit  tney  usually  work  in  f h?  mod  G/e;ond  i t i c»i,  ■;  of  laminar 

vcr-pyu- 

flow  ua-M'  in  the  »t  eaa  space  of  duct.  With  this  axial  ini  raiial 
criterion  HO"  for  weir  do  not  excee'd  100.  Tiio  mod e /e o r ■* t * r^p ■ ot 

0^.  7“^  V\ 

viscous  motion  pat  c in  1 ow- tern  [>era  t ure  e,if>rmal  duc^s  oorur  ; on  ♦h.e 

s*’ren'f  + h of  fh?  fic*  hat  *•[,  p utilized  liciurls  (Freon,  • 1 1 er  , 

ammonia,  alcoiiol-;,  crvodonic  liquiis)  possess  sulistant  i i 1 1 y the 

saal  ler^itaat  of  v i (JOt  i zat  lo  n in  coin[)arison  with  inotal-s,  lower  thermal 

conductivity,  etc,  that  it  ioes  not  make  it  possible  ta  transport 

aJityo 

1 1 on  j th-’rraal  iucts  lirqe  heat  fluxes.  Conse  juent  ] y,  the  speed  of 

• ■*ion  lM-t-4  in  tiiem  is  much  lower  than  in  liquid-metil  lucts. 


'•  I . xnown  that  the  processesy»hea  t-  anl  mass  excnan^e  in 

• : >iniuy  liyers  are  more  intense  than  in  laminir.  From  this 


r -fe  1 

'•■T;ifinj  cause  artificial  aqitatior, 


4*a-f-r  L n 


♦ n • : 1 1 iticts  and  thereby  to  increase  th»  intensity 
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of  ho.it  romov.ii  i -i  -‘v  i pfu-.itor:  .‘v-rTrio  i ind  hodf  omissions  in 

( O -J.  . 

■iXi  t<TrT~^  ’ll'.. 

VoAO^flX 

TiiL'bulotit  mixing  *^-rr-  in  tlio  ftt-Trp-'  of  c ond  e nsi  t i 3 n in'ik'‘s  it 

possihl'  o intoiisity  t ho  prot:oss  of  coni  onsat  ion  in  the  prosonco  of 

non- con  Ion  s 1 hi  o jis,  if  it  randomly  p»*  nd**  r/sh  o ws  within  tnormal  duct, 

/5  i 

sinct-  thr*  non- c on  i on  s 1 h 1 o 'pi5;^iushf-d  asiio  from  t surfac^^  of 
conaen^ia  tion. 


i . Th o torsion  of 


flow 


i/Apiin 
Wi-il  ' i I! 


t ■ V a uo  r a t o r / v > <<o  r i r-rr 


makos  it 


possible  to  improve  h«at 
Vi/,ppn_ 

separation  the  p-aA-r  nlso 


removal  by  boiling,  since  contributes  to 
the  dropr,  of  lipiid,  which  ar?  formed 


durinq  boiiin  j and  ejoctod  toqorher  with  vapor  from  w; or e . The  ilrops 

of  liquil  by  centrifuial  forces  iqain  are  re  q-oct/thrown  to  porous 

0^  vnprx 

surface,  that  contributes;  to  an  increase  in  the  ilryness  tA  e » a tr  to 

990/0  at  0 u t p u t i M 1 1 from  evapor.it  or/vn  n n r i-i  ■■  t and  to  i uniform 

wettinq  of  (lorous  surface.  The  torsion  of  flow  ^rrrr  in 

*v  apor  at  or  / V » mo  r ry.  *r  stabilizer,  an  i nc  rea  s*»  in  the  hubblas  in  porous 
u/fo^ 

Giwer- , contributes  to  their  compr>ssion  md  intensifies  sirface 

-frPttn 

evaporation  (»+-  porous  ot-»» . 
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A let  iciency  / i 'lem  in  tin*  woi  k of  thaimtl  tube*  with  twisted  flow 
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4 


is  tho  f ist  thit  so'niwhd»-  incit-asps  the  prossiiLC'  diffpc^ntiil  in 
vapor  t’hisp  A/..  ^ howpvpr  this  insiq  nif  isa  iit  ircr'^iss  taP-lo-^s  not 
})lay  siqnifisant  role,  since  \P>v^>APu, 


In  i.orns  '22,  2 J T is  suqyestei  the  realiza^-ion  of  tne  torsion  of 

4 ' 

flow  if*  with  the  iiO  of  the  worm  conveyor,  inserteii  inside  thermal 
duct.  If  we  into  the  space  of  thermal  duct  place  aollow 

metallic  worm  conveyor  with  the  variable  space  of  torsion,  then  it  is 
possible  to  attain  an  incre.ise  several  times  ot  the  spaal  of  motion 


JirM 


relative  to  porous  .core  because  ot  the  torsion  if  flow  Aa-ir  on 


the  blades  of  worm  conveyor.  The  twisted  nature  of  flow  creates 


in  evaporator/vaporizer  and  capaci’-or  the  artificial  agitation  ot 
flow  with  the  ail  of  centrifuyal  forces,  it  increases  th'  intensity 
of  evaporation  anl  condensation. 


baffle 


The  worm  conveyor,  inserted  inside  tube,  f)lays  the  role  not  only 

t t>  A II  Iff  t*- 


of  the  stimulator  ot  the  process  of  aviporation 


and  c on  1 a n sa  t i on.  It  can  be  used  as  the  rigid  f ra  me  work 

UjifH  ■ 

#-i^/e  Iges  of  whici  is  fastened  porous  410110.  The  proluction  of  the 
housing  of  worm  conveyor  in  the  formJ|  gently  -e-t  cone  -f  a m j r*-  a * s its 
weight  and  maices  it  possible  to  utilize  space  within  worn  conveyor 
for  the  location  th=»r?  of  i n se r* /li nw-ti  1 w g - porous  ettre  as 


supplementary  capillary  pump  (ceramic  metal,  fiberglass,  etc). 


I 


noc 
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[ir0^<'^nr:fi  ot  the  contact  of  thi-i  supfi  »-nu?n»'  ir  y ripilliry  piuinp 
with  ♦■ha  Jt'n*’^r  ^action  ot  the  Hvaporat  ac  /»^'i|i'*i  ir 'T  of  thei'.nal  dijct 
is  espoci-iily  important,  since  precisely  this  zone  of  “^'a  is  most 
sulrjec*-e,i  to  the  throit  of  .iryiruj  with  intense  hea*"  supply. 


Worm  convayor  itself  can  be  ma  le  from  monolithic  met- j 1 
(aliimin.um,  copper,  stainless  steel)  ^^■i  t h i c from  porous  ceramic 

metal  or  f iner:j  1 1 ss. 


Fiijur?  32  soows  w»-*-hermal  3ucm,  which  consists  of  worm 

u/ci: 

conveyor  1,  the  thin-walleil  housings  of  ,luct  2,  of  norous  in  the 

form  of  wire  gauza  on  the  blades  of  worm  conveyor  1,  -ftt  porous  cio-ce 
within  worm  conveyor  4. 


Thoimal  luct  was  made  made  of  stainless  steal,  it  had  length 

190  mm  anl  inner  li am  a ter  39  mm.  The  thickness  of  duct,  walls  of 
housing  was  0. 3 mm. 


Pa  g e 1 2 H . 

As  I e on  tne  walls  of  duc<-  was  used  the  oxidized  gril  <w-t  of  t-Ke^ 

stainless  st^^el  w-i4-h  the  size/d  i me  wsi  wn  of  whose  call  is  0.16  mm,  and 
the  thickness  of  whor,--»  filament  is  0-12  mm,  twisted  into  two  layers. 
The  porosity  of  comt>osed  70o/o,  t h»*  maximum  iltitul?  of 


I 
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9-f 

As  hifflo  dnd  di^'etif’s  for  t h-»  dxidl  trinsf^c  dt  lipiil 

from  th?  zon??  of  z on  1 ' nsd  t.  i or.  into  tiio  zon^  of  f^viporation  was 
utilized  the  worm  conveyor  wi+h  the  variable  space  of  toraion  whose 
length  is  1H7  mn’  and  whose  dia meter  is  18  mm. 


Power  sufiply  to  the  evaporative  part  of  the  duct  i :j  re.alized 
from  the  yichrom?  heatir,  wound  around  the  external  surface  of  duct. 
On  the  other  cri  d i of  the  duct  is  a-f-ui-tt-f*/ 1 o ca  t e i th--  tea  f>  * e i * ttr  Bo 

ram  long  of  th?  type*  i uct • in  duct,  according  to  which  is  driven  off 
the  water  with  temperature  of  12°3- 


Puring  experiments  were  recorded  the  power  input,  tem;>eraturG 
field  along  duct,  the  flow  rate  of  *■  he  cooling  fluid  and  the 
tempf'rature  d if  feren*- ia  1 at  entpanco  a rnl  exit  from  toe  saction  ot 


0.1  fwardtor.  Temperature  measurement 
copper-const  ant  an  t her  mocou[)les. 

/s 

In  Fag.  IJa^shown  toropetature 
conveyor  and  witiout  worm  conveyor 

•if 

output  along  *<4**/ a x is  100  and  12S 


conducted  with  the  ail  of 

field  along  duct  wit  a worm 
during  *he  transmission  of  heat 

w. 
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fnr  "a .» ('-'’L'  ? ^ H H -j  fT 


C3^ 

K0n^ff<':cncp 


Fig.  32.  Thermal  duct  with  the  worm  conveyor:  1 - worm  conveyor:  2 - 

lyl/liM 

the  housing  ot  duct;  1,  h,  5 - 

Cjo  e £-2ct-o£-^~ 

Key:  (1).  Evaporator.  (2).  Heat- insu  lat  ed  part.  ( J)  . oa-e-i-taar . 


Page  129. 


Figure  Hh  showa  the  dependence  of  the  ratio  of  the  thermal 
resistance  of  thermal  duct  without  worm  conveyor  to  thermal  duct  with 
I worm  conveyor  as  function  of  the  transferred  along  duct  heat  output, 

w 

I 

f 
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<1.  p^^Ld*- iir  “ fi*'l'i  dloiuj  *-LprindL  'I'u:*'  w i*- h wofai  ranveyot  (d) 

th“  It^periPii-d  of  tti‘  L'a*^io  of  fho  t ht-t  T.a  1 ronis^-dr.c?  ;>f  thernal  li  uc: 
without  woim  conveyor  to  the  th*'rmdl  r ^•si  nc«e  of  tn^rmil  iluof  with 
worm  convdyoi  as  fuRr^ioii  of  tho  r dris  t or  r^il  alonj  Onct  hpa*  o'lfput 
(b):  1 - 1- om  pc  i at  ,1  r o ficlO  ip  the  cort*,  fille-i  by  lijuil;  2 - 

tem  p?  ra  t tir  p ficll  in  vapor  phase;  J - without  worm  conveyor,  7 = 103 
W;  4 - with  worm  conveyor,  0 = 100  ; S _ i^ithout  worm  conveyor,  Q = 

12S  W;  b - wi»-n  worm  convpyoi,  0 = 125 


Pa<je  1J0- 

( 

The  use  of  i worm  conv<'yoi  1.7  times  (iecredsed  th^  tietmal 
resistance  of  therm  »1  luct  i’.urinq  the  transmission  of  heat  output  75 

w. 


In  conclusion  one  should  say  about  the  fact  <-hat  th^  torsion 


f1 

p»4-F  in  cryogenic  thermal  ducts 
in  their  theLical  resistance  arid 
heat  output. 


cont  ri h utes  to 
to  an  i nc  t ease 


an 

in 


essantiil  decrease 
the  transferred 


4 1/0^-®^  (■ 

The  twistinj  of  flow  [>r«rr'  in  <>  vapora  t orZ-va  pot  ager  anl  wiapatai  »-or 

is  the  reliable  maans  for  an  increase  in  the  coefficient  heat-  and 

mass  exchanje.  In  works  [77,  78]  was  conducted  the  comparison  of  the 
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t.wis*’0'l  and  axial  Clows  r with  '■hf>  dcops  of  Ti?  torsion  ot 

flow  aftorJod  posjitiility  ty  intonsify  the  procpss  of  hoit  oxchandt* 
to  20O0/0  in  <;oni[)i  r ison  with  axial  flow.  W(it>n  axial  ini  twistoi  flows 
worn  compa  rod  with  in  ilenticdl  prossnro  di  tf  or  ont  lal  AP,  then  tho 
local  valufs  of  tno  coorficipnt  of  t-he  hoaf  exchange  of  twisfoi  flow 
were  higher  by  SOo/o. 


9.  Ex  per  i Ttent  a 1 study  of  the  adjustable  thermal  lusts. 


It  11  known  t t 1 ui  i n(j  ilow  M<-» — pair  through  the 
non-con  Jt'ii  sa  bl  e gis  can  exist  three  capture  modes  of  1 1 ? gas:  at  high 
speeds  and  high  pressures  - the  turbulent  capture  of  gas;  at  low 
speels  1 ti  1 nigh  pressures  - the  viscous  capture  of  gas;  at  low 
pressuips  -nid  low  sjieeds  - the  diffusion  capture  of  gas  p 12  1. 


During  the  st.irt  1 ng/lTtuncIt-t-rri  of  thermal  duct,  occurs  the 
evaporation  ot  lijuil  into  the  vapor-gas  mixture,  equilibrium  in 

. u 

which  was  estaiil  iah/i-Hat  w-tie<4  by  ditfusion  ^>^h  in  the  nonoperating 
state  of  thermal  duct.  Beginning  from  the  Wfgue-/ moment  of  Vlt-'  time, 
when  rate  of  evaporation  exceeds  the  speed  of  concent  r.a  t i o n and 
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^v.  ♦he  Viiliie  of  i ch.int^o  in  the  poditicn  of  boand-iry  vapor  - 'jd; 
have  an  effect  of  two  process. 


1.  wi«-h  change  or  the  voIubgs  44^e — fa  i»  and  gas  with  the  oguality 

\/0/pVt 

of  pressures  in  these  volumes,  will  occuf  condensation''  on  the 

it/'fcA 

freed  from  gas  surface  of  won . Dutinq  the  process  of  the 


condensation  of  molecules, 


VO  wjyu 


Capture  of  the  molecules  of  gas  wtiose  amount  is  still  sufficiently 
great  in  steam  space.  The  character  of  capture  for  the  majority  of 
the  cases  can  be  considered  diffusion.  The  start-up  conditions  of 
duct  it  is  possible  to  consider  .£i-nal^  when  the  diffusion  capture  of 
gas  passes  into  viscous  capture,  i.e.,  when  the  amount  of  molecules 
of  gas  will  become  insignificant  in  sJup-<h»-  zone,  in  consequence  of 


JMiC  ^ 77t20165 


which  nharply  it  will  increase  the  coefficient  of  comiensa  t ion  an'l, 
consequently,  also  cate  ot^tca  nsfer.  ■pea-f-.- 

The  reasoninqs  pointed  out  above  are  accurate  for  lam  i na  r,^  f 1 ow 
pa  ic-y  i,e..  Re  < 1 000  (duct  of  the  moderate  teirperanure  ranqe)  . It 
should  be  noted  that  flow  conditions  ir  in  thermal  duct  deoends 

cn  hea  t- 1 ransf  e i aqent,  4ie-  transmitted  power,  the  lengths  of  duct  and 
boundary  condi»-ions. 


The  *-emperature  pair  is  determined  for  the  most  being 
encountered  case  - the  boundary  third-crder  conditions  in  cooler  and 
heater  according  to  the  following  formula: 


2.'t  .S'„  .s'„  2 


where 


LHC 


PAGE 


A'„ 


A'„  ^ 


2.  Efff^ct  on  t ht?  value  of  a chanqe  in  the  interface  vapor  - gas 

J(oo  rtU^cL^^ 

exerts  a-wH-  the  fact  that,  on  one  hand,  pressure  ,.t4ee---w»-i-r  in  cAnnin^ 

^Ut-jT^  lxtS~ 

ofricx— -^ha  rea  1 ot  h a rit  hm  icrt^y  P from  T in  the  curve  of  saturation, 
and,  on  the  other  hand,  the  volume  of  gas  linearly  depends  on 
pressure. 


For  the  majority  of  liguids,  dependence  P = f (T)  is 
subordinated  to  the  empirical  eguation  of  Antoine  [ 112] 


nuc  = 


PkGF. 


P 


(3. 


Pa  yp  112. 


If  the  equation  of  Antoine  (3.97)  we  substitute  into  the 


equation  of  state  of  perfect  yas,  then  we  will  obtain  the  depenience 
of  the  volume  of  vapor  lock  on  temperature 


(3.98) 


For  the  thermal  duct  of  round  cross-section,  the  lenqth  of  vapor 


lock  takes  the  form 


AD-A044  667 
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Tf'.e  aie.i  of  thf'  zone*  of  condensation,  assuming 


= 0. 


is  egual 


r-  -r 


. t Jl!-  ‘ ’ 


By  solving  together  equations  (3.96)  and  (i.100),  it  is  possible  to 
obtain  the  dependences  of  T"^  = /(C\  j’-p  = ' C'-  For  the  case  when  in 
duct  it  IS  necessary  to  oupport  the  constant  temperature  of  heit 
source,  usually  are  introducea  reservoir  with  gas  f 1 1 3 ) or 
pressur i za t i on  volume  [ 114], 


Expression  (3.99)  for  a thermostat  wi+h  gas  meter  taKes  the  form 


11-X^O 


PAGF 
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fcr  a t her  wior.ta  t with  presEurization  volume 


^'}  -n  1 


From  the  analysis  of  expressions  (3.  101)  and  (3.101’)  it  follows 

that  fcr  an  increase  in  t lie  stabilization  of  temperature  it  is 

necessary  either  to  increase  or  decrease  the  diameter  of  duct,  and 

fcr  a thermostat  with  pressurization  volume  to  decrease  the  clearance 

utuK 

between  the  pressurization  volume  and  the 

In  conclusion  of  the  calculated  part,  it  is  necessary  to  noto 
that  analogous  calculation  can  be  conducted  for  any  boundary 
conditions:  for  jases  strongly  differing  from  the  ideal  it  is 

necessary  during  the  composition  of  equation  (3. 98)  to  use  the 


PACE  , 

»-qiidtion  of  van  i^i  Waals. 
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D«^scription  of  experiment  and  experimental  inritdlld*i<w-. 

Jj^e4d4  l-d»-t-rm  IS  the  thermal  duct,  manufactured  from  copper  of  I'J  12 

Ul^icK; 

X 1,  leng’-h  L = 100  mm.  frope  consists  of  three  layers  of  brass 
qt  id  with  parameters  of  V - 8.47  cm^,  !I=:0,7.  A-“>  working  fluid 

serves  9f.o/o-  ethyl  alcohol-  As  non-condensable  gas  in  the  first  and 
thirl  seiies  of  experiments,  was  utilized  air  M = 29,  m = 0.019  g, 
and  in  second  series  of  experiments  - argon,  (f  = 19.9,  m = 0.027  q. 
Heat  flux  is  created  by  electrical  heater  ^ length  L = 7 cm.  For  ’’he 
precision  measureaient  of  power  above  the  basic  heater,  is  placed 
guard.  As  condenser /ogy a eit  or  serves  the  remaining  part  of  the 
thermal  tube.  Heat  removal  in  the  first  series  of  experiments  was 
ligo/ accomplished  by  ^ free  convecticn,  and  in  the  second  and 

third  series  - forced;  the  latter  is  real i a o/ accomplished  with  the 
aid  of  fan  v — 10  m/s.  Along  an  entire  zone  of  condensation,  ‘■hey  are 
arr*»-^/locat  ed  17  copper-constantan  thermocouples,  caulked  into  the 
housing  of  thermal  duct. 

The  wnruet/pu  rpose  ot  the  first  series  of  experiments  en‘‘ailed  a 


comparative  study  of  the  wc'k  ot  thermal  duct  without  and  in  the 
presence  of  non-condonsable  gas  - air.  The  results  of  experiments  are 


PAtiE  ^Vt  V 


IS  w (1  and  ^ - withodt  q as , 2 and  4 - «ith  q as) ; h)  coolinq  by 

forced  convpc*-ion  — experimental,  --  calculated;  1 - 11  W ; 2 - 2^1; 
- ih;  U - SO;  5 - T);  b - 84;  7 - IPO;  8 - 130  W. 


3 
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Curves  1 and  ) represent  the  distribution  of  teirperaturo  along  the 
thermal  dijct,  which  works  in  usual  iriode/.ou>H  1 1 i cn^;  curves  2 and  4 - 
♦he  >1  ist  r ibu*- ion  of  teinperature  along  the  thermal  due*",  whic  works 
in  the  adjustable  moileycrind  if  inrui  (i.e.  is  present  non-condensable 
qa  s)  . 


The  second  series  of  experiments  entailed  the  ex  riet  i menta  1 study 
of  the  effect  of  n on- cond ensa b 1 e qas  - argen  on  the  work  ot  thermal 
duct.  At  )on  is  selected  in  order  to  avoid  the  oxidation  processes  and 
electrochemical  corrosion,  since  thermal  duct  worked  at  elevated 
temperatures.  Hesults  are  given  in  Fig.  34. 

from  an  a 1 ysi  s ^^ev  i lent  (Fig.  34a)  that  the  clear  interface  vapor 
- gas  appears  at  any  threshold  power  R < Q„n..  < 1h  W,  which  will 

agree  with  equation  (3.95). 

During  th-^  analysis  of  the  second  series  of  experiments,  were 


I 
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tfwuntr-l  t ho  distribution  ciirvos  ot  t.ho  teirpor  it  ur»  in  t ho  zono , 
occupied  with  n on- coml  en  s ib  le  qas.  Reyncld?  number  with  blowout 
air  whose  flow  has  paratnetets  v 10  m/s,  t = 20®,  Re  3300,  i.e., 

flow  conditions  has  turbulent  chaiactei.  Uusselt's  criterion  during 
turbulent  flow  conditions  takes  form  Nu  = 0.18  •'  ~ '■  For 

the  sake  of  simplicity  in  the  ca  leu  1 at  io»i , we  take  da/dT  = 0,  i.o., 

heat - 1 ra n sf e r coefficient  does  not  depend  on  temperature  {a  = Nu  X/d 
107.2  W/ir^.®C).  Accepting,  that  the  heat  along  duct  in  the  zone  of 
vapor  lock  is  spread  only  by  thermal  conductivity,  we  can  obtain  ^ he 

distribution  of  the  temperature  in  the  form 


a f>- 


where 


t 


f 


-1 

I 


i 

i 


I 
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Figure  34b  shows  that  the  theoretical  and  experimental  data 
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somewhat  iliffor  tiom  each  othri  Ttie.ii.^i*  1 ye 5.  Protably  this  is 


connected  with  the  tact  that  is  not  taken  into  account  the 

condensation  flow  — p>nr- 

u>^/'ck  j 

conductivity  of  »■  >* t-e  and  heat  tianster  for  gas,  or  effect 


tliroujh  vapor  lock,  the  thermal 


and  boundary  conditions  on  t ht»  en  d/ fam'd-  of  the  duct. 


Fa  ge  115. 


For  testing  theoretical  lining/calculat  ions  (l.gfl)  and  (l.l^T)  were 
(f 

denignr'q  the  volume  of  gas  and  the  length  of  vapor  lock. 


Fgua  t i ons 
alcohol  at  the 


(1.95)  and  (3.99)  in  the  system  cf  SI  for  ethyl 
t om  pt?  t a t ure  of  the  vapor  lock  of  - t’o  t". 


»-»nn 

n_e77.’''  ' 
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The  s lo  pey'  inc  1 i iijt  ion-  of  the  section  of  curves  in  all 

experiments  is  explained  by  the  processes  of  the  gas  diffusion  in  »l— 

V »■  cec 

[ ^ t-  c , and,  on  the  contrary,  diffusion  ^ i c - into  gas  exnlains  the 
cverest  iiaa  te  of  the  course  of  experimental  curves  in  the  zone  of 
vapor  lock  (Pig.  14b).  It  should  be  noted  that  the  si  opo/i  no  1 i i on 

of  curves  in  operating  range  will  strongly  depend  on  relation 


' ‘ 


f ' ■ 
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with  K >>  T,  will  occur  hp  theroidJ  ;dK  ditrusicn  in  ef — P<t4-rii,  which 


will  ledil  to  dr.  increase  in  the  tPirpet  dture  differpntidl  in  operatin>j 
range.  Conseouent 1 y , for  a drcroase  in  the  - , , it  is  necessary  to 
select  gas  wi»h  la r je  molecular  weight. 


TO  evaluate  the  heat  stabilization  of  the  adiustable  thermal 
ducts,  one  should  utilize  the  so-called  coefficient  of  temperature 
se  nsi  ti  vi  t y 


(.'5.  If'Cd 


The  task  of  the  third  series  of  experiments  was  investigation 
the  effect  of  the  mass  of  gas  in  reservoir  on  the  temperature 


i 
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PAGE 

sensitivi*^y  of  thp  -iljustable  thermal  duct.  As  non-coniensable  <)as 
was  utilized  ttrr  air.  »lass  of  ijas  in  reservoir  unl^r  th<^  normal 
conditions:  Ej  = kj;  ko;  if  j = ^ . 3 • T0~  kq. 

Pa  ge  1 lf>. 

Dependence  T - f (0)  i given  in  Fig.  d'ib.  From  *■  he  figure  one  can 
see  that  the  temperature  sensitivity  with  increase^l/m  me  teases  (o 
= 9 M/°C,  amp  = 2 W/°C,  aEj  = 1 V/^C).  The  curve  of  ♦’he  de pend ence 

on  • - is  given  in  Fig.  3Sa. 

The  experimental  data  showed  that  ♦■hreshold  power  (se<^  Fig.  lUa) 

it  1 ie^<f 0<O„r.„<  ‘'2  »rr. 


The  results  of  the  given  work  give  sufficient  bat»ife/hases  for 
using  the  obtained  iependences  for  the  calculation  of  the  adjustable 
tubes. 


10.  Thermal  ducts,  controlled  with  the  aid  of  centrifugal  field  and 
the  induced  convection  of  liquid  in  eva| 


d 


£>W TTTTOlh^i 


Cf'n  <■  I i f ij  jd  1 th*?rmal  ducts  havp  a series  of  advantages  in 


comparison  with  wick  thermal  ducts.  Basic  ot  them  are:  1) 


centrifugal  ducts  at  any  moment  are  ready  tor  werki  -i-n  start-uo  time 


is  calculated  by  fractions  of  a second;  <i)  they  have  less  •■hermal 

resistance;  3)  ^transfer  tty  an  order  larger  heat  fluxes  per  t-h<»^unit  of 

IV  s focce.  . 

area;  U)  they  work  well  d-ur  ing  any  att  i t u de  . 


Ur') 


PA 
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Key:  (1)  . V/°C.  (2)  . w 
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ii.  thiii  work  ir;  J'^scrib^'d  ono  of  ^ he  ccn  f>  t r uc^’ i or.  of  coaxial 

cent  t i f <i'}  1 1 thermal  iluct  f fl'*  ],  intended  for  the  heatin7  of  the  fluid 

oi  'jar:^  that  move  withir  coaxial  duct.  A difference*  of  this 

thermal  <luct  from  the  coaxial  tberaial  duct,  described  in  f lies 

I.V  I c ^ 

in  the  fact  that  the  pumping  of  liguid  from  condenser  t~nr  (coi^ 

tube)  to  e vapor  ator/v.atwp-irof  (external  duct)  is  li  aa-./accom  pi  ished 
rot  with  ♦:  he  aid  of  porous  cylindrical  inserts,  but  with  the  aid  of 
the  effect  of  centrifugation  (Coriclis  forces)  during  th=*  rotation  of 
duct  around  its  -aart-^axis. 


The  ['loposed  construction  must  ensure  the  intensification  of 
heat  exchange  within  duct  both  in  the  g ra v i ta t i cn a 1 field  and  under 
conditions  of  weightlessness.  As  ‘■he  source  of  helping  it  is  possible 
to  utilize  either  flux  of  radiation  or  convection  current  of  gas  or 
liquid  etc.  The  r »tet  / pur  ()cse  of  the  app  i i rat  ien/use  of  the  proposed 
centrifugal  coaxial  duct  is  ene-rgigioq,  conducted  to  the  external 


surface  of  duct,  the  fluid  fctew  and  gas^ 


i;uc-  7 7 t J 0 1 ' 
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Fi-}.  Th»i  licijrani  of  coaxial  centriliiqil  th*^imil  iuct  in  which  i ii 

utiliz^^'l  the  t'ffect  of  contLifuqal  ficlil  foi  the  return  of  rorwlensat- 
into  the  zone  of  eviporation. 

Key:  (1).  To  thermostat-  (2).  Water. 


Faqe  1.1  H. 

F-suecially  is  effective  the  use  of  similar  ty  p»  thormaL  lucts  for  a 

QL. 

power  supply  to  them  bv  ^-hi  ia^ioT/rad  ia  t ion  in  t-le*  vacuaro  when  i*'  is 
net  possih le  to  utilize  other  transmission  modes  of  energy. 


This  »■  a P !>'*/* r nrpose  is  reached  by  the  fact  that  as  heat 

exchanger  is  utilized  the  coaxial  thermal  duct,  which  rotates  around 

a. 

its  aari  »/a  x is  at  .fa  he-  definite  rate,  which  makes  it  possible  evenly  to 
wet  entire  thermally  loaded  surface  within  thermal  duct  with  the  aid 

of  centrifugal  forces  and  not  to  utilize  for  this  purpose  a porous 

u//cAC  o/zcA 

i.e.,  to  make  a thermal  duct  without  porous  core-  The  principle 

of  the  transmission  of  heat  flux  from  the  hot  mo'li'im  to  cold  gas  or 

liquid  flow  entails  the  following.  If  thermal  duct  is  made  coaxial 

(duct  in  duct),  is  forced  i-t-to  rotate  around  its  *ae+t*/axis  and  along 


oo{-e  tube  ♦■o  pass  cold  flow,  4ULt  external  surface  to  heat,  then-i 


imV 
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th»^  liquid,  which  [iirtidlly  fills  * hf*  .sfdc*?  bcfwo^n  tha  aictorndl  anl 
internal  surf  ices  of  »herinal  duct  in  which  is  atsen*'  the 
nor.-cor;densa  hie  is,  with  the  dil  of  centiifuqal  forces  will  he 

fresse}  djainst  the  cx’-etnal  wall  of  theraal  duc*^,  at*er  coolinj  by 

“V  ya 

Its  course  of  evaporation.  >i  en  > 1 1 » rtx  ir  this  case  1 r e moves  to  the 

internal  cold  wall  of  duct,  it  i'fio-l  heat  of  vaporization  h'~'iixf 

to  hd '■  11  M-'  i on  it  in  the  forn:  of  the  drops  which  by  centrifugal  forces 

aqa’n  nw-f*x„-t/tn  rowa  to  the  ex*-ernal  wall  of  duct,  which  makes  1 

possible  to  hfat  the  flow  ot  qas  or  liquid,  which  moves  alonq  the 

internal  luct  ot  the  rotatinq  coaxial  ihernal  duct.  The  coefficient 

of  heat  t>xchanqe  between  the  pipe  flow  has  hiqh  vilue,  S- 1 0 times 

exceeding  the  coefficient  of  heat  exchange  fce*ween  the  flow  and  the 

motionless  duct,  as  a result  ot  the  fact  that  occurs  both  the 

by 

direc<-ed  axial  flow  and  the  flow  of  Couette,  formed^^-he  rotation  of 
the  walls  of  thermal  iuct  and  facilitating  the  aji^ation  of 

flew. 


Figure  36  shows  t-he  diagram  ot  coaxial  thermal  due*  with  *he  use 
of  centrifugal  acceleration.  The  principle  of  its  work  .*ntails  the 

following,  d uc  t moves  the  flow  of  cold  gas  or  lijuid,  which  must 

fce  heated. 

The  heat  flux  Q will  be  fed  to  external  radi  surf  acn.  and, 

passing  through  the  wall,  produces  the  evaporation  of  fluid  film. 
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h*  1.1  ot  int»^rndl  surface  by  rertrifujal  forces  4«l  i 04.  1 he  rotation  of 
bt’.it  «'xchan<]‘^r . 


Faqe  1 14. 


aoves  over  the  intertube  space  from  which  is  eliminated  the 


non- rondf'r.  sd  h le  'jas,  and  is  condensed  on  cold  surface,  'jivino  up 

heat  o:  vapotiza’-ion  to  flow  i*  throuijh  the  wall. 


The  fotmiiej  inrinj  condensation 


f»n  4r  1 i 1 11 


id  in  cent  r i f'l'ja  1-f oice 


field  dijdin  returns  to  wall  2,  and  the  process  of  heat  transfer  -irt* 

r 

becomes  stationary.  The  concave  surface'^f  2^heat  exchanger#  permits 

i «ple  mention  of  displacement  of  liquid  into  the  ♦‘hermally  loaded 

zone,  since  the  component  of  centrifugal  force  i.s  directed  ^o  ^he 

center  of  concave  surface.  The  evaporation  of  liquid  from  eh  in  film 

on  meeallic  surface  in  cent r if uga 1- force  field  makes  it  possif le  to 

remove^^  the  heat  fluxes,  transferred  by  an  crier  higher  than 

those  which  ate  transferred  ones  along  thermal  ducts  with  porotis 
tt/ick 

ca» , since  the  centrifugal  forces  which  can  teach  to  1000  o,  imped« 


the  emergence  of  bubbles  and  substantially  they  shi  f e the 

crisis  of  boiling  to  the  side  of  large  heat  fluxes. 


One  should  indicate  the  fact  that  this  heat  exchanger  possesses 
the  diode  properties  of  the  transmission  of  heat  flux.  It  transfers 


r^UC  - - P^GF  Jf' 

<1.0^ 


cr.ly  trom  C'xtorndl  suilacf  to  internal  an'1  <ioos  not  transfer 
froir  «-he  intornal  to  exteinal  b eca  ii  so  of  the  action  o^  cantrifuqal 

ujick 

forces.  In  ♦ho  j>resence  of  hot  .jas  or  liquid  flow  in  twt t\aho  and  of 

cold  flow  on  external  surface  heat  will  be  transterrel  only  by  pa t-h 

r(^ 

of  theraial  con  i uc  ti  vit  y [la  i f in  intertube  space,  which  will 

compr,  j<_ 

BOW posw  negliqibly  low  value  in  comparison  with  heat  flux  of 

Uea.f-  e 1-r  I’ f 

environment  to  internal  r-adtotor  surface,  transferred  Ijy  phase 
transition  (evaporation  - condensation). 


The  experiments  conducted  with  the  centrifugal  thermal  due*-, 
depicted  on  Fig.  lb,  are  shown  in  Fig.  17. 


Figure  17a  shows  the  dependence  of  the  t emper  a’' ure  of  ♦•he 

cn 

surface  of  the  evapcrator/vapotigi'L  of  centrifugal  thermal  duct  f-rom 

the  velocity  ot  its  rotation  constant  heat  flux.  Figure  )7b  gives 

the  cur  ve/gr"ipli  of  the  ilependence  of  the  temperature  differential  of 

liquid  coolant  at  en^’ranco  and  exit  of  the  condenser/eapao  i*or  of 

efn 

duct  H-fMit  the  temperature  of  the  surface  of  e va  porat  or /at-ay  nr  ig  '^r  at 
the  different-  numbers  of  revolutions  of  duct. 
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Figure  17c  shows  the  dependence  ot  the  temperature  of  the  surface  of 


■4 
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* hf> 


p A r.  f H 


c>^  ^ 

of  due*  t-t  <-Hw  ♦’ho  va  1 '1*  pp  1 i pd  hpat  flux  a* 


thv>  li{f»-ct'nt  rotational  s(  oeds  of  duct.  Ar;  can  f''  soon  from  *•  h i r, 

tijuip,  .1*  ♦'hi'  io*.itional  S[)fed  of  duct  47  r/s,  i r;uccps£5  f u 1 1 y 

i o f><»J  ^ 

■*atiau«*<i  with  thp  t r a ns  ir  i ss  i cn  of  h**at  cut  [ u t ^morp  than  1 KW;  in  this 


CdSP  the  tfmppiaturp  of  the  surface  of  evaporator/ 


was  not 


more  tlan  M2”C,  which  indicates  by  no  means  oxhaustaMe  possibilities 
he i»  removal  in  this  duct.  The  temperature  of  the  surface  of  the 


eva{  orat  or  /ru  eori  i^r  of  duct  was  ireasured  with  the  aid  of  the  special 
thermocouple,  au  to  m at  ica  1 ly  f orc<^  aqa  i nst  duct  at  the  t oeg  iu.'/m  omen  t 
of  the  cessation  of  its  rotation. 
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Fi}.  J7.  D‘’pendeacf'  of  the  ^em  peid  t ure  of  the  w-ill  of  cent  r i f u } 1 1 
c m 

thrrnul  durt  1 1 o»  the  ict^tioiidl  speed  (a*)  and  of  tho  t em  p*^rd  ♦ ute  of 

«!  >0  ^ 

♦■he  surface  of  e va  p or  a t or /vu  pot  iret* — f-rmn  ♦he  v a lue^rppl  rod  heat  flow 
(b)  : 1 - 4 7 r/s;  2 - i - 11.1  r/s;  (c)  : 1 - 11.1  r/s  ; 2 - 2f.1 

tys  i/y;  1 - 47  r/s. 

Key:  (1).  r/s.  (2).  W. 
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.ludgin  j by  the  ot)tained  e x per  i oi  > n ta  1 results, 
coaxial  ducts  will  have  extensive  afplica^ion  in  a 
branches  of  industry. 


cent  ri f uual 


t ie  r i ( r 


of 


In  the  centrifugal  therraal  ducts  it  is  possible  to  t. 

three  e4^+4/e  lement  s , on  which  depends  the  successful  work  of  the 
duct:  rotating  ev  a pora  tot/Jta4iai-i-«»T:  and  condo  n ser /*--a  [u  it  (*-t  and  t^f. 


i 

zone  cf  the  t ra  r.sport  “^t  wo-phase  va  por- 1 ig  u id  flow  under  the  iction  of 
Centrifugal  forces.  In  evapordtor/vauoTiz^c  the  heat  removal  can  be 
pea~tig<*/acco  jpl  ish  ed  or  in  the  mode/'oondi  timis  cf  boiling. 


The  process  of  evaporative  cooling  can  be  described  with  th'»  aid 
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of  tf»rts4f  - Kruidson'b  forirula 


'!'  — !>*  try. 
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whore  m - molecular  mass;  P ♦ - the  pressure  ot  saturated  ;»t-«a«6  at 
the  tempera’' ure  of  surface;  A is  a coefficient  nf  evaporation; 
the  flow  of  th«  va  por  i ■^i  n«.j  substarice;  f>  - area. 

The  speed  of  motion  ^taip— ia-  equal*^^ 


/.9 


i?j\  I 


p*  /TV  = r,.  (7'j  ■/)  _ 

]QH) 


where  the  /?,. — the  inside  radius  of  the  surface  of 

of  VAyjOY" 

evaporator/tampnri-aor;  p is  density 


CK 

Respectively  heat  flux  from  unit  of  Hre.  surface  of 


e va  po  ra  t or  pw  t i ger  is  e jual  to 


-a 


fHic-  i-  itiS 
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Ii;  ♦'hp  vof"K  of  pv  <i  pocdt  oi  /-vn  f r>rirp  1 in  th»‘  mo'ip/nt^n  1 i t-i  r.  of 

a ^ ^ ' 'J) 

tioili  r<j,  th«>  cpn  1 1 i f ti  j d 1 foicps  positivply  up  procpss  of 


hPdt  pxchan'jp.  In  works  [79,  80]  it  in  iniiicittd  t !ip  fact  tha*-  in  *-hp 

lotdtinij  iioileis  is  possil.lp  to  -rc^i  iBp/dCcO'nplish  heat  removal  of 

iv  i'-^  cf' 

cnior  k<»/m^  4»i  i n q accp  ler  at  io  0 0 J.  In  this  case,  emerq^^ 

V(i  Y 

o4 — pd  -it  t.  i.as  99o/o  of  'iryness.  The  produced  by  the  action  of 


induced  convf'ction  in  the  liquid  film  which  suppresses  the 


forma  ti  on/ 


of  bubbles. 
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This  makes  it  possible  to  increase  the  maximum  peak  loads.  Critical 


_ I 'dCJ' 

heat  fluxes  with  400  » n 1 h i p ] 


a/^ 

over  loadS/,4  . “j  times  hiqher  than  dair-  inq 


acceleration  \can  10  times  exceed  critical  heat  flux  in  ♦hermal  duct 
with  cap  i 1 lary- porous  C4»cc. 
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PAGt; 

o [ ^ 

■V 

Fx  t'‘*i  i nu’nt  s full  showf^d  that  thP  a ra  v i ta  1 1 cn  > 1 fiell,  an!  also 
(■‘‘t;  1 1 1 }•  u a 1 - f or  c»-  substantially  affpct  thn  valui-*  of  tb.^  mtximuin 

boat  flux  dutinq  boiling  the  Injtiid  of 


In  oer.trifu^al  thecmal  luct  the  lateral  fluil  flows 

^ >«  . 

substantially  affect  the  value  of  This  is  evident  f ron  the 


analysis  of  the  tormula  of  Dot  isha  nsk  i y , — »4ms  obtained  foe  boil  in. j 

4 

condi  t ions^l  idu  id  in  the  laiife  volume: 


fO  ’ T ' y 


’ r e,. 


where 


nr  / 

V =-  — ~ ^ 


rr  >'  — n.  ' 


lift 

The  paiameter  N characterizes  fiouy  an  ey — ef  f not  . The  value  of 
detersined  by  the  following  independent  variables  of 
f'„.  'V,  n',  rr.  i.,  rr.  p,.  Them  it  is  possible  tc  cembine  into  four  groups: 


IS 


liOC-- 


PAGF  >« 


Sup{jl«^i»pntacy  conversions  jive  the  following  paraieters  tor 
let  er  m in  i ng  the  effect  of  the  induced  convection  on 


p A(;k 


ra>je  14  1. 


c ombi 

The  * wet  i ort  nt  the  indica^el  lour  tjroups  of  the  p<irdme*-ers 

■a  kes  possible  to  find  the  relation  of  the  naxinnim  heat  flux  of 
u^i'/  k o- 

■-.iT  boiling  liquid  in  fcJre  volume  of  the  finite  dimensions 

with  the  presence  of  ♦he  induced  convection  to  the  maximum  hea*-  flux 
iut-i  I.  g boiling  liquid  on  infinite  horizontal  flat  /el  a e-*  pla»-e  f B2  ] 


<;■■■■  K 


(p.i 


According  to  the  formula  of  Kutataladze  value 


^irnx 


. A 


: r n,.' 


1/2  4 


M 1 -1. 


M.:  Ml 


Thus,  in  formula  (3. 112)  is  considered  the  effect  of  scale 


parameter  I and  of  the  parameter  of  the  lift  of  the  induced 


^)^ve — = — 


P A'’,  h 


cor.vpction  N jn  tru‘  v,i  1 ao  ot 


An  can  he  set»n  frera  fotmuld  ( <.  1 1 3)  , ♦'he  crii-iral  heat-  flux  of 

/ ,x  dep(M\.ls  on  iccolerdticn  q to  cleqree  ot  T/‘i,  accotlinq  to 

foriruli  (t-112)  It  also  depends  on  the  qomretfic  dimensions  of 

systo*.  Accotiiinq  to  the  ca  Icii  lat  i ons,  when  ’"hf  field  of 
j4'  / 

dccel  er  at  1 ons  ^i  s present,  4 -4  it  is  possible  to  achieve  the  flows 

of  (/.  , : h.t)«10^  kVi/Ti?.  Such  accel  er  at  ions  can  be  obtained  dutinq 

the  r a ♦ i on  ot  luct  <S  cir.  in  diameter  wi^h  specil  -6000  i/min. 


Hedt  exchdiije  durinq  condensation  -WTT'*in  the 
render,  se  a p.te  i-»  p ^ of  centrifiiqal  thermal  duct  is  more  intensive 

than  durinq  condensation  on  motionless  surface,  sine.?  fluid  film  has 
the  mininium  thicxness  because  of  the  presence  ot  cent  r i f uij  a 1 - t orce 
field. 


The  coefficient  of  heat  transfer  to  wall  durinq  condensation  f f 
VO-f  •f-' 

in  *-he  conden  s^r  /<u.i  pao  r of  centrifugal  thermal  duct  can  by  an 

order  exceel  the  coefficient  of  heat  transfer  by  the 

u/ 

conden.se  r/ei  [nioi*  of  thermal  duct  with  porous  wore.  Centrifugal 
forces  break  away  fluid  film  in  the  condenser/rapucitwr  of  thermal 
duct  and  disperse  drops  4»-y  thr  area  of  evaporatcr/enworiBPL.  The 
lemainiriq  film  with  the  aid  ot  Coriolis  forces  is  moved  into  the  zone 
of  e V apoi  a t or/v.i  on  r izn  r . 
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COSCL  US  ION'  - 


It  is  ilitticiilt  at  present  to  prf.>dict  all  possiMo 

■1  ir  ect  iof'.s  af  the  further  d eve  lopmon  t of  woiks  in  tho  cor.r,  t r ur  ion  of 
thermal  ducts.  Is  too  shot^  the  history  of  tneii  emergence.  However, 
wi*h  complete  confidence  it  is  possible  tc  say  that  they  will  find 
wide  use  in  our  to  mode  of  life  and  in  a iot;  of  the  branches  of 
industry. 


The  guarantee  of  the  successful  function inq  of  thermal  ducts 

must  be  qoo'l  theory  of  their  work  which  s’- ill  reels  at  riresent 

- itjX' 

essential  mod  i f icat  ion , and  also  .waste  technolouy  of  th^  production 
cf  porous  e»arer  and  housin<j  of  *-hermal  ducts.  Industry  begins  *n 
master  the  issue  of  the  broad  spectrum  cf  metallic  porous  matorials, 
and  also  the  porous  dielectrics,  which  possess  hiqh  thermal 
conductivity.  wi*-h  their  appearance,  probably,  will  he  feasible  new 
jump  in  the  construction  of  thf  thermal  ducts  and  steam  chambers. 
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